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Abstract 
Recent advances in device miniaturization have been enabling smart and small 
implantable medical devices. These are often powered by bulky batteries whose 
dimensions represent one of the major bottlenecks on further device miniaturization. 
However, alternative powering methods, such as electromagnetic waves, do not rely on 
stored energy and are capable of providing high energy densities per unit of area, thus 
increasing the potential for device miniaturization. Hence, we envision an implanted 
medical device with an integrated miniaturized antenna, capable of receiving a 
radiofrequency signal from an exterior source, and converting it to a DC signal, thus 
enabling remote powering.  
This thesis addresses the analysis, design, fabrication and characterization of 
novel 3D micro antennas that can be integrated on 500 × 500 × 500 µm3 cubic devices, 
and used for wireless power transfer purposes. The analysis is built upon the theory of 
electrically small antennas in lossy media, and the antenna design takes into 
consideration miniaturization techniques which are compatible with the antenna 
fabrication process. For the antenna fabrication, a methodology that combines 
conventional planar photolithography techniques and self-folding was used. While 
photolithography allows the easy patterning of virtually every desired planar antenna 
configuration with reproducible feature precision, and the flexibility to easily and 
precisely change the antenna geometry and size, self-folding allows assembly of the 
fabricated planar patterns into a 3D structure in a highly parallel and scalable manner.  
After fabrication, we characterized the fabricated antennas by measuring their 
S-parameters and radiation patterns, demonstrating their efficacy at 2 GHz when 
immersed in dispersive media such as water. This step required the development and 
test of multiple characterization setups based on connectors, RF probes and 
transmission lines and the use of an anechoic chamber. Moreover, we successfully show 
that the antennas can wireless transfer energy to power an LED, highlighting a proof of 
concept for practical applications. Our findings suggest that self-folding micro antennas 
could provide a viable solution for powering tiny micro devices. 
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Resumo 
 Os recentes avanços das tecnologias de miniaturização têm permitido o 
desenvolvimento de dispositivos médicos implantáveis inteligentes e mais pequenos. 
Estes são muitas vezes alimentados por baterias volumosas cujas dimensões limitam o 
nível de miniaturização alcançável por um microdispositivo. No entanto, existem formas 
alternativas de alimentar estes dispositivos que não dependem de energia armazenada,  
tais como ondas eletromagnéticas, que são capazes de providenciar uma elevada 
densidade de energia por unidade de área, aumentando assim o potencial de 
miniaturização dos dispositivos. Desta forma, visionamos um dispositivo médico 
implantado, com uma antena miniaturizada e integrada, capaz de receber um sinal de 
rádio frequência a partir de uma fonte externa, e convertê-lo num sinal DC, permitindo 
assim a alimentação remota do aparelho. 
 Esta tese apresenta a análise, desenho, fabrico e caracterização de micro 
antenas 3D, passíveis de integradas em dispositivo cúbicos de 500 × 500 × 500 μm3, e 
utilizadas para fins de transferência de energia sem fios. A análise assenta na teoria das 
antenas eletricamente pequenas em meios com perdas, e o design da antena considera 
técnicas de miniaturização de antenas. Para o fabrico da antena foi utilizada uma 
metodologia que combina técnicas de fotolitografia planar e auto-dodragem 
(self-folding). Enquanto a fotolitografia permite a padronização de virtualmente todos 
os tipos de configuração planares de forma precisa, reprodutível, e com a flexibilidade 
para se mudar rapidamente geometria e tamanho da antena, o self-folding permite a 
assemblagem dos painéis planares fabricados numa estrutura 3D. 
 Depois do fabrico, as antennas foram caracterizadas medindo os seus 
parâmetros S e diagramas de radiação, demonstrando a sua eficácia a 2 GHz quando 
imersas num meio dispersivo, tal como água. Esta etapa exigiu o desenvolvimento e 
teste de várias setups de caracterização com base em conectores, sondas de RF e linhas 
de transmissão, e ainda o uso de uma câmara anecóica. Além disso, mostramos com 
sucesso que as micro antenas podem receber e transferir o energia para um LED 
acendendo-o, destacando assim esta prova de conceito para aplicações práticas. Os 
nossos resultados sugerem que estas micro antenas auto-dobráveis podem fornecer 
uma solução viável para alimentar micro dispositivos implantáveis muito pequenos. 
CONTENTS 
   
xiii 
 
  
Contents 
1 Introduction ............................................................................................................... 1 
1.1 Ultra-miniaturized Implantable Medical Devices ............................................... 3 
1.2 Powering Implantable Medical Devices ............................................................. 5 
1.2.1 Batteries ....................................................................................................... 5 
1.2.2 Antennas ...................................................................................................... 8 
1.3 Motivation ....................................................................................................... 11 
1.4 Goals and Challenges ....................................................................................... 12 
1.5 Main Contributions .......................................................................................... 13 
1.6 Thesis Outline .................................................................................................. 16 
2 Smart and Small ....................................................................................................... 18 
2.1 Implantable Medical Systems .......................................................................... 18 
2.1.1 IMDs Applications ...................................................................................... 19 
2.1.2 Essential Blocks of Implantable Medical Devices ....................................... 20 
2.1.3 Wireless Capabilities .................................................................................. 21 
2.2 Alternative Powering Methods ........................................................................ 22 
2.2.1 Fuel Cells .................................................................................................... 23 
2.2.2 Thermoelectric Generators ........................................................................ 23 
2.2.3 Piezoelectric Transduction ......................................................................... 23 
2.2.4 Radio Frequency ........................................................................................ 24 
2.3 Wireless Power Transfer .................................................................................. 25 
2.3.1 Inductive Coupling ..................................................................................... 27 
2.3.2 Radiative Transfer ...................................................................................... 28 
2.4 Antennas for Implantable Medical Devices ..................................................... 30 
2.4.1 Antennas on Centimeter Scale Devices ...................................................... 31 
2.4.2 Antennas for Millimeter Scale Applications ............................................... 32 
CONTENTS 
   
xiv 
 
 
3 Small Antennas for Implantable Medical Devices ..................................................... 37 
3.1 Electromagnetic Field Interaction with Materials ............................................ 38 
3.1.1 Electromagnetic Wave Interaction with Biological Material ...................... 40 
3.1.2 Electromagnetic Wave Attenuation in Biological Material ......................... 40 
3.1.3 Specific Absorption Rate ............................................................................ 42 
3.2 Electrically Small Antennas .............................................................................. 43 
3.2.1 Performance of Electrically Small Antennas ............................................... 44 
3.2.2 Input Impedance ........................................................................................ 44 
3.2.3 Bandwidth and Antenna Quality factor ...................................................... 45 
3.2.4 Gain and Directivity .................................................................................... 46 
3.2.5 Radiation Efficiency .................................................................................... 48 
3.3 Power Budget .................................................................................................. 51 
3.3.1 Free Space Path Loss .................................................................................. 52 
3.3.2 Electromagnetic Waves at the Interface .................................................... 53 
3.3.3 Losses in Biological Tissues ........................................................................ 55 
3.3.4 Antenna Efficiency ..................................................................................... 56 
3.3.5 Tissue Losses and Antenna Efficiency ........................................................ 59 
3.4 Antenna Miniaturization .................................................................................. 61 
3.4.1 Periodic Structures ..................................................................................... 61 
3.4.2 Modiﬁcation of the Antenna Geometry ..................................................... 63 
3.4.3 Material Loading of Antenna Structure ...................................................... 65 
3.4.4 Full Use of the Volume Circumscribing the Antenna .................................. 65 
3.4.5 Arrangement of Current Distribution Uniformly ........................................ 66 
4 Micro Antenna Project ............................................................................................. 67 
4.1 Antenna Analysis Techniques .......................................................................... 68 
4.2 The Finite Element Method ............................................................................. 68 
4.3 Micro Antenna Design ..................................................................................... 69 
CONTENTS 
   
xv 
 
4.3.1 Square Loop Antenna ................................................................................. 71 
4.3.2 Cubic Antenna ............................................................................................ 73 
4.3.3 Square Loop and Cubic Antennas: Performance Analysis .......................... 73 
4.4 U-Shaped Antenna ........................................................................................... 76 
4.5 Antenna Geometry Modification ..................................................................... 79 
4.5.1 Meander Line Number of Turns ................................................................. 79 
4.5.2 Meander Line Length with Constant Number of Turns .............................. 80 
4.5.3 Meander Line Pitch .................................................................................... 81 
4.5.4 Antenna Side Panel Geometry ................................................................... 82 
4.5.5 Antenna Side Panel Separation Distance ................................................... 83 
5 Antenna Fabrication ................................................................................................. 85 
5.1 Surface Tension-Driven Self-Folding ................................................................ 86 
5.1.1 The Self-Folding Technique ........................................................................ 86 
5.1.2 Fabrication Summary ................................................................................. 87 
5.2 Fabrication Workflow ...................................................................................... 88 
5.2.1 Mask Design Rules ..................................................................................... 88 
5.2.2 Substrate, Sacrificial, and Conductive Layers Preparation ......................... 89 
5.2.3 Patterning the Panels ................................................................................. 91 
5.2.4 Patterning the Hinges ................................................................................ 92 
5.2.5 Releasing the Templates from the Substrate and Folding ......................... 93 
5.3 Results ............................................................................................................. 94 
6 Development of a Characterization Setup & Experimental Results ........................... 97 
6.1 Characterization Setup .................................................................................... 98 
6.1.1 SMA Connector ........................................................................................ 100 
6.1.2 Coplanar Waveguide ................................................................................ 105 
6.1.3 Modified CPW .......................................................................................... 112 
6.1.4 End Launch Connector and Transmission Line ......................................... 119 
6.1.5 End Launch Connector and Buried Transmission Line ............................. 124 
CONTENTS 
   
xvi 
 
6.2 Antenna Radiation Pattern Measurement ..................................................... 130 
6.2.1 Results and Discussion ............................................................................. 130 
6.3 Measurements discussion ............................................................................. 133 
6.3.1 Setup Influence ........................................................................................ 134 
6.3.2 Fabrication ............................................................................................... 135 
6.3.3 Interface Assembling ................................................................................ 135 
6.3.4 Antenna Soldering .................................................................................... 136 
6.3.5 Water Phantom ........................................................................................ 137 
6.4 Wireless Power Transfer ................................................................................ 139 
7 Conclusions ............................................................................................................ 143 
7.1 Conclusions .................................................................................................... 143 
7.2 Future Work & Perspectives .......................................................................... 144 
Appendix 1: Protocol for the Fabrication of Self-Folded Micro Antennas .................... 147 
Appendix 2: 3D vs 2D Antennas .................................................................................... 151 
Appendix 3:  Micro Antenna Radiation Pattern Measurement Setup........................... 155 
Setup Calibration ...................................................................................................... 156 
Measurement Protocol ............................................................................................. 157 
Bibliography .................................................................................................................. 159 
 
 
 
 
 
 
 
INDEX OF FIGURES 
 
 
xvii 
 
Index of Figures  
Figure 1.1 Commercially available implantable medical devices. A) A deep brain stimulator sends 
electrical impulses to the brain through implanted electrodes connected by leads. 
B) MicroCHIPS is an implantable drug delivery system suitable for patients who need frequent 
dosing or require regular injection in multiple therapeutic indications [5]. C) Insertable cardiac 
monitoring system helps doctors to diagnose and treat irregular heartbeats [15]. D) The 
Argus® II Retinal prosthesis system (also known as the bionic eye) is a retinal implant. It is 
intended to provide electrical stimulation of the retina, to induce visual perception in blind 
individuals [16]. E) PillCam endoscope capsule allow physicians to visualize the small bowel, 
esophagus and colon, and help diagnosing disorders of the gastrointestinal tract [17]. F) The 
Nanostim is a leadless pacemaker that does not require a surgical pocket for implantation [18]. 2 
Figure 1.2 Ultra-small biomedical tools fabricated by self-assembly and self-folding. A) Self-folded 
hollow octahedra and their 2D net template precursors. Scale bar: 300 µm [26]. 
B)Self-assembled cubic containers over two orders of magnitude in size, from 2 mm to 50 μm. 
Scale bars: 100 µm (left) and 50 µm (right) [21]. C) Lithographically patterned 2D templates 
(left) with liquefiable hinges (center) that upon heating fold into hollow polyhedral containers 
(right). Scale bars: 250 μm [21]. D) Fibroblast cells encapsulated within a self-folded polymeric 
micro container. The green color indicates that the cells are alive. Scale bar: 250 µm [27]. E) 
Metallic micro container loaded with glass microbeads. Scale bar: 100 μm [28].  F) Open 
micro-gripper next to a plastic pipette tip (with a maximum dimension of 300 µm when closed, 
and 1.5 mm tip-to-tip when open) [23]. G) Microgripper capturing and moving a piece of 
biological tissue: scale bar 200 µm [29]. H) Single cell microgripper with captured cells within 
the arms of 50 μm grippers [24]. I) Schematic of self-folded magnetic microtools with sharp 
ends, directed at enabling drilling and incision operations of tissues (5 x 20 µm2) [25]. 
J) Self-assembled microfluidic device with dual channels. Scale bar: 500 μm[20]. K) Au-coated 
capsule of a bioartificial endocrine pancreas prototype with micropores. Scale bar: 300 μm [22].
 ....................................................................................................................................................... 4 
Figure 1.3 Batteries of commercially available medical devices. A) A pacemaker with a battery 
occupying more than 50% of the device’s total volume [36]. B) Battery of an earlier model of a 
MicroCHIPS drug delivery system [5]. C) Retinal prosthesis with a bulky battery [37]  D) Main 
components of a PillCam endoscopic capsule with the battery occupying 40% of the whole 
device’s volume [17]. E) The Nanostim leadless pacemaker whose battery occupies roughly 80% 
of the device’s total volume [38]. .................................................................................................. 6 
INDEX OF FIGURES 
 
 
xviii 
 
Figure 1.4 State-of-the-art miniaturized batteries. A) 3D printed interdigitated Li-Ion microbattery 
before packaging (left), after packaging (right) (2.1 × 2.1 × 1.5 mm3 after packaging) [40]. B) 
Ultra high energy density lithium rechargeable microbattery (3 × 3 × 0.7 mm3) [41]. C) Fully 
biodegradable primary battery dissolution process (energy density: 0.1mA/cm2) [42]. 
D) Bendable inorganic thin-film battery (2.54 × 2.54 × 0.2 cm3, energy density: 106 μA h/cm2) 
[43]. E) Flexible cellulose based carbon nanotube films for bio-compatible zinc batteries 
(1 × 1 cm2, energy density: 60 mA/cm2 ) [40]. ............................................................................... 8 
Figure 1.5 3D antenna geometries. A) Stent-antenna prototype with wireless powering capabilities 
[77]. B) A 3D printed meander line based conformal antenna [54]. C) Hand manufactured 
origami helical antenna where the whole structure can collapse to change its resonance 
frequency [66]. D) Thin film helical antennas for dental applications [57]. E) Spirulina-templated 
microstructures which are coated with metal unveiling spiral terahertz responsive micro 
structures [59]. F) Inductive and capacitive structures deployed into a living cell for potential 
passive RF identification tags [52]. .............................................................................................. 10 
Figure 1.6 A) Self-loaded micro container overfilled with 150 mm glass beads (scale bar: 100 um) 
B) Dodecahedral shaped hollow metallic container featuring surface patterning of slits (scale 
bar: 250 um). C) Container made of SU8 panels with live fibroblast cells inside 
(scale bar: 250 um). D) SU8 container and biodegradable polycaprolactone hinges (scale bar: 
500 um). E – F) Ordered self-folded cubic microwell arrays composed of gold coated 
containers [79]. ............................................................................................................................ 12 
Figure 1.7 A) Fabricated micro antennas. B) Antenna characterization setup composed of an end 
launch connector and a transmission line. C) Transmission line with a micro antenna and 
dispersive media. D) Close-up view of the micro antenna on the transmission line. E) Wireless 
power transfer setup composed of transmitting horn antenna and receiving micro antenna 
immersed in water. F) Rectifying circuit with and LED showing that power was successfully 
received by the fabricated micro antenna. G) Top view of the passive system composed of the 
immersed micro antenna and rectifying circuit. .......................................................................... 14 
Figure 2.1 Conceptual diagram of the essential parts of an implantable system. .................................. 20 
Figure 2.2 IMD communication path with a home based station and a medical facility. The IMD 
communicates with a home base station, which in turn can communicate with the physician at 
the hospital. A data collection station keeps the physician updated with the patient’s clinical 
information and instructions (drug dosage, stimulus, etc.), that can be transmitted from the 
physician to the patient’s IMD at home. The home base station can also power the IMD through 
electromagnetic radiation. .......................................................................................................... 21 
INDEX OF FIGURES 
 
 
xix 
 
Figure 2.3 Alternative powering methods for implantable applications. A) A glucose biofuel cell for rat 
implantation [89]. B)  Implantable thermoelectric generator [91]. C) A piezoelectric system 
capable of harvesting energy from the natural contractile and relaxation motions of the heart, 
lung, and diaphragm and used to power a pacemaker [87]. D)  Implantable stent in the 
pulmonary artery [95].................................................................................................................. 24 
Figure 2.4 The rapid development of the WPT applied in biomedical applications, the number is 
indexed by using key words “Wireless Power Transfer and Biomedical” in IEEE Xplore (adapted 
from [97]). ................................................................................................................................... 25 
Figure 2.5 Field regions of an antenna [98]. ........................................................................................... 26 
Figure 2.6 Schematic of the inductive coupling transfer setup. ............................................................. 28 
Figure 2.7 Schematic of the radiative transfer setup. ............................................................................ 29 
Figure 2.8 Commercially available IMDs that make use of inductive coupling for data or power transfer. 
A) MicroChips implantable drug delivery device [5]. B) The Argus® II Retinal Prosthesis System 
[16]. C) Implantable aorta pressure sensor [107-108]. ................................................................ 30 
Figure 2.9 Planar antennas proposed for IMDs. A) Flexible planar dual-band implantable antenna for 
endoscopy capsule [118]. B) Annular slot antenna for intracranial pressure sensor [120]. 
C) Multi-layer implantable antenna for a brain stimulation system [121]. D) Capacitive loaded 
patch antenna for biomedical applications [119]. E) Implantable triple-band implantable 
antenna with a spiral and stacked structure [122]. F) Self-propelled implantable device with loop 
antenna [13]. ............................................................................................................................... 31 
Figure 2.10 3D Antennas proposed for IMDs. A) 3D folded antenna for dental implants [131]. 
B) Conformal meandered dipole antenna for ingestible capsule endoscope [128]. C) 3D 
conformal monopole antenna for central venous catheter [124]. D) Low-profile cylindrical 
helical antenna for ingestible endoscopy capsule [127]. E) RFID tag helix antenna sensors for 
wireless drug dosage monitoring [130]. F) Stent antenna for heart failure detection by 
monitoring internal pressure measurements of the pulmonary artery [10]. .............................. 32 
Figure 2.11 A) double action biopsy forceps and a microgripper [23]. B) MicroCHIPs drug delivery 
implantable device [5]. C) The microgrippers are activated thermally when inside the colon. The 
sequence shows the thermal actuation of the microgrippers at 37° C within 10 min. D) Self-
folded polymeric micro container and E) Metallic micro container, both suitable for drug 
delivery and cell encapsulation purposes. ................................................................................... 33 
Figure 2.12 Micro coil antennas (1000 × 500 µm2) for a nuclear magnetic resonance application [132]. 
B) Micro-helix antenna array prototype for a remote imaging application [133]. C) Spirulina-
INDEX OF FIGURES 
 
 
xx 
 
templated microstructures which are coated with metal unveiling spiral terahertz responsive 
micro structures [59]. D) Micro tag into living cell [52]. .............................................................. 34 
Figure 3.1 Propagating wave E(z, t). The peak magnitude of this wave in a lossy material decreases 
exponentially as a function of distance traveled. Its envelope is given by e−αz [140]. ................ 41 
Figure 3.2 Electrically small dipole antenna within the radian sphere of radius a. ................................ 43 
Figure 3.3 Simulated radiation pattern of a 3.2 mm monopole antenna in free space resonating at 35 
GHz. ............................................................................................................................................. 44 
Figure 3.4 A) Geyi’s normal gain and maximum obtainable gain for directional and omnidirectional 
antennas. B) Geyi’s maximum obtainable G/Q for directional and omnidirectional antennas 
[155]. ........................................................................................................................................... 47 
Figure 3.5 Antenna efficiency for different values of ka [156]. .............................................................. 49 
Figure 3.6 Antenna gain, quality factor and efficiency for the fundamental mode for a variable ka [156].
 ..................................................................................................................................................... 50 
Figure 3.7 Electromagnetic wave loss path between a radiofrequency source and a tissue implanted 
antenna. ...................................................................................................................................... 51 
Figure 3.8 Ratios of transmitted and reflected power at an air-skin interface. ...................................... 54 
Figure 3.9 Power attenuation due to tissue loss in dry skin, fat and muscle for an implantation depth of 
2.5 mm. ....................................................................................................................................... 56 
Figure 3.10 Functions Un2 [156]. ........................................................................................................... 58 
Figure 3.11 Efficiency and Tissue Losses of different material antennas implanted in muscle tissue, 2.5 
mm deep. (TL - Tissue Loss, Eff. – Efficiency). .............................................................................. 59 
Figure 3.12 Examples of periodic structures [154]. A) Helix. B) Meander. C) Zig-zag. D) Fractal. .......... 61 
Figure 3.13 Linear wire of length L0 and meander line of length L [154]. ............................................. 62 
Figure 3.14 Meander lines structures A) Rectangular. B) Triangular. C) Sinusoidal [164]. ..................... 63 
Figure 3.15 Current path extension on an antenna structure by introducing a slot and notch [154]. ... 64 
Figure 3.16 Antenna miniaturization by bending and short circuiting to the ground plane. A) Monopole 
before bending. B) Inverted-L-antenna after bending. C) Inverted-F-antenna after short 
circuiting to ground plane [75]. ................................................................................................... 64 
Figure 3.17 Examples the full use of the volume circumscribing the antenna. A) Four arm helical 
antenna [51]. B) meander line antenna [54]. C) spherical helix antenna [55]. ............................ 66 
Figure 3.18 Current distribution on a small dipole. A) Triangular shape. B) Uniform (ideal case) [154]. 66 
Figure 4.1 Gracias Lab micro structures fabricated by combining photolithography with self-folding 
methods [21][27] A) Self-folded containers fabricated with a wide range of sizes all the way 
from 2 mm to 50 µm. B) 10 µm cube. C) 50 µm square pyramid. D - G) Polymeric containers 
INDEX OF FIGURES 
 
 
xxi 
 
(500 µm – 1 mm). H) 1 mm sized container with a single square 500 µm pore and with a single 
microbead encapsulated within. I) Self-folded 500 µm sized dodecahedron with a single 250 µm 
sized pentagonal pore on each face. ........................................................................................... 69 
Figure 4.2 A) HFSS model of An unfolded (left) polymeric template composed of six 500 x 500 µm2 
panels with a patterned metallic strip, and a folded (right) square loop antenna inside an SU-8 
cube. B) HFSS model of a unfolded (left) planar metallic template composed of six 
500 x 500 µm2 panels and a folded (right) cube antenna. ........................................................... 70 
Figure 4.3 HFSS model of a square loop antenna within a 500 × 500 × 500 µm3 polymeric cube, in the 
geometrical center of a 5 × 5 × 5 mm3 layer of biological tissue (the biological tissue layer is not 
shown accordingly to its real size). .............................................................................................. 71 
Figure 4.4 The square loop antenna simulated radiation efficiencies at 1 GHz, 5 GHz and 10 GHz, when 
embedded in a 5 x 5 x 5 mm3 volume of human muscle, skin and fat. ........................................ 72 
Figure 4.5 Simulated S11 of the square loop and cubic antennas in air. ................................................. 73 
Figure 4.6 Square loop and cubic antennas simulated impedance and S11 embedded into a layer of 
muscle tissue. .............................................................................................................................. 74 
Figure 4.7 A) Current distribution on the surface of the square loop antenna at 5 GHz. B) Current 
distribution on the surface of the cubic antenna at 5 GHz. C) 3D simulated radiation pattern of 
the square loop antenna. D) 3D simulated radiation pattern of the cubic antenna. ................... 75 
Figure 4.8 A) Unfolded 2D antenna structure. B) U-shaped 3D antenna after folding. .......................... 76 
Figure 4.9 A) U-shaped antenna on a 500 × 500 × 500 µm3 hypothetical device. B) U-shaped antenna 
top panel and features’ dimensions. ........................................................................................... 76 
Figure 4.10 Square loop, cubic and U-shaped antennas simulated S11 in air. ........................................ 77 
Figure 4.11 Simulated S11 of a U-Shaped antenna embedded in muscle tissue. .................................... 78 
Figure 4.12 U-shaped antenna: A) Current distribution. B) Simulated radiation pattern. ...................... 78 
Figure 4.13 Variation of the meander line number of turns. U-shaped antenna with A) 2-turns. 
B) 4-turns. C) 7-turns D) 8-turns meander line. E) S-parameter. F) input impedance. ................ 79 
Figure 4.14 Variation of the meander line length under a fixed number of turns. U-shaped antenna top 
panel with A) 120% B) 100% C) 50% D) 25% meander line lengths. E) S-parameter. F) input 
impedance. .................................................................................................................................. 80 
Figure 4.15 Variation of the meander line pitch. U-shaped antenna top panel with A) low B) medium 
C) high meander line pitch. D) S-parameter. E) Input impedance. .............................................. 81 
Figure 4.16 Variation of the antenna side panel geometry. U-shaped antennas with different side panel 
geometries. A) Side panel with meander line. B) Side panel without meander line. C) Filled side 
INDEX OF FIGURES 
 
 
xxii 
 
panel. D) Side panels without both side columns. E) Anti-Symmetric side panels without one 
column. F) S-parameter. G) Input impedance. ............................................................................ 82 
Figure 4.17 Increasing the antenna side panel distance. U-shaped antenna with A) normal meander 
line. B) Doubled meander line. C) S-parameter. D) Input impedance.......................................... 84 
Figure 5.1 The self-assembly process. A) Top view of a 2D template used to self-assemble a cubic 
structure. B) Side view of a patterned solder hinge. C) Side view of a solder hinge at the onset of 
reflow of the folding hinge. D) Under folded panels. E) Right-angle folded panels. F) Overfolded 
panels [170]. ................................................................................................................................ 87 
Figure 5.2 Relevant fabrication steps of the U-shaped antenna. ........................................................... 88 
Figure 5.3 Autocad design of the micro antenna structures and solder hinges for the photomask used 
in the lithography process. A) Antenna panels. B) Folding hinges. C) Antenna panels and hinges. 
D) Printed photomask. ................................................................................................................. 89 
Figure 5.4 Thermal evaporation setup composed of an evaporation chamber, the vacuum, voltage, and 
layer thickness controls and monitors, and the necessary vacuum pumps. ................................ 90 
Figure 5.5 Silicon wafer with electroplated nickel panels. ..................................................................... 91 
Figure 5.6 Electroplating setup. A) A commercial solder plating solution with the anode (left) and 
cathode (right) ready for solder electroplating. B) The submerged solder anode and quarter 
silicon wafer. C) A quarter silicon wafer with electroplated hinges ready for photoresist strip. . 92 
Figure 5.7 Pieces of silicon wafers without chrome and copper layers, with unfolded antennas 
attached to it ready for the releasing step. ................................................................................. 93 
Figure 5.8 The fabricated micro antennas: A) Released structures before folding. B) After folding. Silica 
beads added into the medium to emphasize the 3D structure of the antennas. Scale bars: 500 
µm. .............................................................................................................................................. 94 
Figure 5.9 Scanning electron microscopy images of folded micro antennas. A) Underfolded and 
overfolded antennas. B) Perfectly folded antenna with 90º angles. C) Under folded antenna. 
D) Antenna’s meander line. ......................................................................................................... 95 
Figure 6.1 Simulated S11 of the U-shaped micro antenna embedded in dispersive medium (fresh water 
and muscle tissue). The inset figure shows a representation of the micro antenna embedded in 
a 5 x 5 x 5 mm3 box. ..................................................................................................................... 99 
Figure 6.2 Simulated gain of the micro antenna embedded in A) Fresh water. B) Muscle tissue. ......... 99 
Figure 6.3 Simulated 3D radiation pattern of the U-shaped antenna embedded in water. ................. 100 
Figure 6.4 Micro antenna soldered to a modified SMA connector. ..................................................... 101 
Figure 6.5 A) HFSS model composed of the SMA connector, the micro antenna and a water phantom. 
B) Close-up view of the SMA connector and micro antenna model. ......................................... 101 
INDEX OF FIGURES 
 
 
xxiii 
 
Figure 6.6 Simulated and measured S11 of the SMA connector (control experiments). ....................... 102 
Figure 6.7 Simulated and measured S11 of the SMA connector and antenna system, with and without 
the water phantom. ................................................................................................................... 102 
Figure 6.8 Simulated 3D radiation pattern of the SMA connector and micro antenna model. (The inset 
figures have the same axis orientation as their respective main figures). ................................. 103 
Figure 6.9 Simulated 3D radiation patterns. A) SMA connector, micro antenna and water phantom 
system. B) Standalone micro antenna embedded in muscle tissue. .......................................... 104 
Figure 6.10 Examples of different types of CPW discontinuities [172]. A) Open-end. B) Short-end. C) 
Gap. D) Step. .............................................................................................................................. 105 
Figure 6.11 Open-end coplanar waveguide schematics and parameters: trace length L, metal width W, 
metal spacing S, substrate thickness h, gap g, metal thickness Tmet, substrate dielectric constant 
εr, substrate loss tangent tanδ. ............................................................................................. 106 
Figure 6.12 A) HFSS model of an open-end coplanar waveguide with an antenna. B) Close up view of 
the antenna connecting the central strip and the ground plane. .............................................. 107 
Figure 6.13 Fabricated coplanar waveguide. A) Antenna soldered to the CPW and embedded in droplet 
of water which is maintained steady within a hydrophobic nail polish barrier. B) SMA connector 
soldered to the CPW. C) SMA connector used to connect the CPW to the coaxial cable. ......... 107 
Figure 6.14 Control simulated and measured S11 of the fabricated CPW in air. ................................... 108 
Figure 6.15 Control simulated and measured S11 of a CPW with a water droplet on its termination. . 108 
Figure 6.16 Simulated and measured S11 of the CPW and antenna system, with and without the water 
phantom. ................................................................................................................................... 110 
Figure 6.17 Simulated 3D radiation patterns of the CPW and micro antenna models. ........................ 111 
Figure 6.18 A) Modified CPW on a RO3850HT substrate. B) Micro antenna mounted on the termination 
of the designed 50 Ω modified CPW. C) Modified CPW connected to a probe. ........................ 112 
Figure 6.19 Fabricated CPW with 50 µm wide lines. ............................................................................ 113 
Figure 6.20 Three point probe connected to the VNA, touching the modified CPW. .......................... 113 
Figure 6.21 Simulated and measured S11 of the modified CPW with and without the water phantom.
 ................................................................................................................................................... 114 
Figure 6.22 Simulated and measured S11 of the modified CPW and the antenna system, with and 
without the water phantom. ..................................................................................................... 115 
Figure 6.23 Simulated 3D radiation patterns of the modified CPW and micro antenna system. ......... 116 
Figure 6.24 HFSS model of the shortened CPW. .................................................................................. 117 
Figure 6.25 Measured and simulated S11 of the shortened CPW. ........................................................ 117 
Figure 6.26 Southwest microwave End launch connector. .................................................................. 119 
INDEX OF FIGURES 
 
 
xxiv 
 
Figure 6.27 End launch connector and transmission line system. A) HFSS model of the system 
composed of the end launch connector, the transmission line and micro antenna. B) Close-up 
view of the HFSS micro antenna model on the transmission line. C) Fabricated transmission line. 
D) Antenna soldered to the transmission line. .......................................................................... 120 
Figure 6.28 Simulated and measured S11 of the connector and transmission line system, with and 
without water. (SW – Southwest end launch connector, TL – Transmission line). .................... 121 
Figure 6.29 Simulated and measured S11 of the connector and transmission line system with the micro 
antenna, with and without water. (SW – Southwest end launch connector, TL – Transmission 
line). ........................................................................................................................................... 122 
Figure 6.30 A) End launch connector radiation pattern. B) Connector’s side view (XZ plane) showing the 
feeding pin. ................................................................................................................................ 122 
Figure 6.31 Simulated 3D radiation patterns of the end launch connector, transmission line and micro 
antenna system. ........................................................................................................................ 123 
Figure 6.32 Buried transmission line geometry on the end launch connector. A) HFSS model of the end 
launch connector and the buried transmission line. B) Close-up view of the transmission line. 
C) Fabricated transmission line attached to the end launch connector. D) Close-up view of the 
water droplet on the buried transmission line. ......................................................................... 125 
Figure 6.33 Profile view of buried transmission line. ........................................................................... 125 
Figure 6.34 Measured gain of the uncovered and covered transmission lines. ................................... 126 
Figure 6.35  Simulated and measured S11 of buried transmission line without the micro antenna. .... 127 
Figure 6.36 Simulated and measured S11 of the buried transmission line and micro antenna system. 128 
Figure 6.37 Simulated 3D radiation patterns of the system composed of the southwest end launch 
connector, the buried transmission line and micro antenna. .................................................... 129 
Figure 6.38 Radiation diagrams of the buried transmission line in air at 2 GHz. .................................. 130 
Figure 6.39 Radiation diagrams of the buried transmission line with the water phantom at 2 GHz. ... 131 
Figure 6.40 Radiation diagrams of the buried transmission line with the micro antenna in air at 2 GHz.
 ................................................................................................................................................... 132 
Figure 6.41 Radiation diagrams of the buried transmission line and micro antenna system with a water 
phantom at 2 GHz. ..................................................................................................................... 133 
Figure 6.42 Transmission lines covered (buried) with an extra dielectric layer. A) Fabricated 
transmission line with solder on the edges connecting the top and bottom substrates. B) HFSS 
model of the buried transmission line. ...................................................................................... 136 
Figure 6.43 Water phantom surrounding the micro antenna. A) Perfectly aligned. B) Misaligned. ..... 138 
INDEX OF FIGURES 
 
 
xxv 
 
Figure 6.44 Schematic of the wireless power transfer setup. The transmitting side includes a VNA that 
serves as the RF signal source, the RF amplifier and the horn antenna which transmits the 
generated RF signal. The receiving side includes the U-shaped antenna, which acts as the RF 
signal receiver, a rectifying circuit and an LED. .......................................................................... 139 
Figure 6.45 A) Wireless power transfer setup composed of the VNA, the RF amplifier, the transmitting 
antenna, the U-shaped antenna, a cup with water, and the rectifying circuit with an LED. B) 
Picture of the rectifying circuit and the LED. C) Top view picture of the receiving side. ........... 140 
Figure 6.46 Wireless power transfer to the U-shaped antenna to power an LED. The bright field images 
show the RF to DC conversion circuit with an LED when power is successfully transferred from 
the transmitting horn antenna to the micro antenna (shown in the inset schematics). The 
transmitting and receiving antennas are kept at A) Different distances and B) Different angles. 
The LED brightness represents the amount of power transmitted from the horn antenna to the 
U-shaped antenna. While the power transfer drops regularly with increasing distance between 
two antennas, it is fairly independent from the angular orientation. The scale bar represents 
2 mm. ........................................................................................................................................ 141 
Figure 7.1 On chip antenna fabrication and assembly. A) Patterned 50 Ω transmission lines. 
B) Patterned antenna frames and solder hinges. C) On-chip self-folding. D) Antenna structures 
connected to 50 Ω transmission lines. ....................................................................................... 145 
Figure A2.1 Concept of the 2D and 3D antennas on a micro device. Schematic representations of 
A) Planar antenna. B) 3D antenna on a hypothetical device with the same form factor 
(500 × 500 × 500 µm3). The lines around the device indicate the radian sphere. ..................... 151 
Figure A2.2 Simulations results illustrating the comparison between planar (2D) and U-shaped (3D) 
antennas that can fit on a 500 µm3 device.  HFSS simulations results show: A) The resonance 
frequency and S11. B) The radiation efficiency of each antenna in air and in dispersive media. 
The inset graph shows the radiation efficiency for 2D and 3D antennas in water at their 
resonance frequencies. ............................................................................................................. 153 
Figure A2.3 Experimentally measured S11 and power transfer characteristics (S21) of the fabricated 
planar (control samples) and U-shaped antennas in dispersive media. The graphs show A) S11. B) 
S21, the power transfer characteristics of planar and U-shaped antennas. The 10.3 dB difference 
in the S21 data between the 2D and 3D antennas at their resonance frequencies shows an 
approximately 10-fold increase in the power transfer efficiency. ............................................. 154 
Figure A3.1 Measuring setup Inside of the anechoic chamber. ........................................................... 155 
Figure A3.2 Representation of the utilized setup for the micro antenna radiation pattern 
measurements. .......................................................................................................................... 158 
INDEX OF TABLES 
xxvi 
 
 
Index of Tables 
 
Table 2.1 A comparison between wireless power transfer methods. .......................................... 27 
Table 2.2. Antennas for implantable medical devices: State of the Art. ...................................... 35 
Table 3.1 Dielectric properties of body tissues: muscle, skin and fat [139]. ................................ 38 
Table 3.2 Efficiency of a muscle tissue implanted antenna confined in 500 µm diameter sphere 
for varying ka. .................................................................................................................... 58 
Table 3.3 Parameters of different meander line structures [164]. .............................................. 63 
Table 6.1 Simulated max. realized gains of the SMA connector and micro antenna system. .... 104 
Table 6.2 Simulated max. realized gains of the CPW and micro antenna system. ..................... 111 
Table 6.3 Simulated max. realized gains of the modified CPW and micro antenna system. ...... 116 
Table 6.4 Simulated max. realized gains of the end launch connector, transmission line and 
micro antenna system. .................................................................................................... 123 
Table 6.5 Simulated max. realized gains of connector of the system composed of the end launch 
connector, the buried transmission line and micro antenna. (SW  - Southwest end launch 
connector, TL – Transmission line) .................................................................................. 128 
 
 
 
 
 
LIST OF ABBREVIATIONS     
xxvii 
 
List of Abbreviations 
BW – Bandwidth 
CPW – Coplanar Waveguide 
DUT – Device under Test 
EHS - Energy Harvesting Systems 
ESA – Electrically Small Antenna 
EM - Electromagnetic 
FSLP – Free Space Loss Path 
FDTD – Finite Difference Time Domain 
FEM – Finite Element Method 
HFSS – High Frequency Structural Simulator 
IEEE - Institute of Electrical and Electronics Engineers 
IMD – Implantable Medical Devices 
LED – Light Emitting Diode 
LP – Loss Path 
MEMS - Microelectromechanical systems 
NEMS - Nanoelectromechanical systems 
MPE - Maximum Permissible Exposure  
MoM – Method of Moments 
PIFA - Planar Inverted-F Antenna 
PMMA - Poly(methyl methacrylate)  
PVA - Poly(vinyl acetate) 
RFID - Radio Frequency identification  
RF – Radiofrequency 
SAR - Specific Absorption Rate 
SEM – Scanning Electron Microscope 
SMA – Sub Miniature version A 
SU-8 – SU8 Photoresist 
TL – Tissue Loss 
VLSI - Very-Large-Scale Integration 
VNA – Vector Network Analyzer 
VSWR - Voltage Standing Wave Ratio 
WPT – Wireless Power Transfer 
WPTE - Wireless Power Transfer Efficiency 
UV- Ultra Violet 
 xxviii 
 
INTRODUCTION    CHAPTER 1 
 
1 
 
1 Introduction 
Due to the remarkable technological advances over the last decades, 
implantable medical devices (IMD) have experienced significant transformations, thus 
becoming extremely important tools, which are capable of soliciting, measuring and 
wirelessly communicate important physiological parameters. Such transformations are 
intimately related to the growing knowledge of the human body, and continuous 
progresses of material science, electronics and microfabrication techniques, which are 
enabling the development of small and smart devices capable of interacting with the 
human tissues at micro and nanoscales.  
Small, implantable, low power, and wireless biomedical devices are a new 
technological trend with many possible applications and the potential to revolutionize 
modern medicine. In fact, the availability of newly implantable medical devices with 
wireless capabilities, and their reported potential for massification, has led an 
exponential market growth. In the past several years, the $125 billion medical device 
market has grown at a rate of 6% annually in the United States [1]. This growth is driven 
by factors such as the increasing elderly population and the associated increase in the 
prevalence of chronic degenerative diseases [2]. However, due to technological hurdles 
that still need to be addressed, ubiquitous implantable wireless medical devices that 
monitor, treat and prevent diseases, and guide our lifestyle habits are still ahead of us.  
Some of the common challenges for implantable medical devices are their 
location within the body, how to access and operate them, their size, their dependence 
on battery technology and expected life time. Nonetheless, some of today’s implantable 
medical devices (Figure 1.1) are equipped with advanced microelectronics and 
powering systems [2], unveiling life changing applications such as cochlear [3] and vision 
prosthesis [4], which aid patients to regain their hearing and sight, drug delivery 
systems that can change pharmacological therapies [5], glucose and blood pressure 
monitors [6-8] that facilitate diagnose and treatments decisions for diabetic and 
transplant patients, and neurostimulators for suppression of chronic pain [9]. Some can 
be implanted in very delicate areas such as arteries [10-11] eyes [4], and spinal cord 
[12], while others can be made with locomotion capabilities in fluid medium [13], and 
travel our entire intestinal tract while taking pictures and identifying tumors [14]. 
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However, there is “plenty of room in the bottom” and a new generation of even smaller 
devices will enable the proliferation of unseen applications over previously inaccessible 
conduits of the human body, and hence allow better insight of pathologies and launch 
new medical solutions to treat patients with a high level of comfort and benefits.  
 
 
Figure 1.1 Commercially available implantable medical devices. A) A deep brain stimulator sends electrical impulses 
to the brain through implanted electrodes connected by leads. B) MicroCHIPS is an implantable drug delivery 
system suitable for patients who need frequent dosing or require regular injection in multiple therapeutic 
indications [5]. C) Insertable cardiac monitoring system helps doctors to diagnose and treat irregular heartbeats 
[15]. D) The Argus® II Retinal prosthesis system (also known as the bionic eye) is a retinal implant. It is intended to 
provide electrical stimulation of the retina, to induce visual perception in blind individuals [16]. E) PillCam 
endoscope capsule allow physicians to visualize the small bowel, esophagus and colon, and help diagnosing 
disorders of the gastrointestinal tract [17]. F) The Nanostim is a leadless pacemaker that does not require a surgical 
pocket for implantation [18]. 
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1.1 Ultra-miniaturized Implantable Medical Devices 
Since Feynman’s 1959 lecture “There’s Plenty of Room at the Bottom”, 
researchers predicted that advances in materials science, and in micro and 
nanotechnologies would enable smart and integrated structures, and finally 
miniaturized devices, that would open up new possibilities for modern medicine. In fact, 
emergent areas of medical innovation include the development of wireless and 
tetherless tools, which are sufficiently small to be deployed inside the human body 
through its natural orifices or by minimally invasive techniques. This way, miniaturized 
tools can pass through the various small and hard-to-reach conduits of the human body, 
such as the gastrointestinal tract and the circulatory system, thus replacing current 
medical tools and implants (cf. Figure 2.11).  
To utilize these devices in three-dimensional environments within the body, it is 
advantageous to develop them with 3D profiles as seen in implantable medical devices 
such as stents [10], and embolic coils [19] to treat aneurisms and blockages. The recent 
developments in microtechnology can enable 3D fabrication and integration for certain 
applications, but are typically limited in throughput. Such methods include microscale 
machining, wafer bonding, direct write techniques and stereolithography. One 
cost-effective approach for high throughput 3D fabrication and integration at the micro 
and nanoscale, is the combination of photolithography with self-assembly and 
self-folding techniques. In fact, these combined techniques have already produced 
ultra-small tools, suitable for medical applications on the millimeter scale and below 
(Figure 1.2). Examples range from microfluidic devices for vascularized systems with 
nutrient and waste transport [20], to micro containers appropriate for drug delivery 
systems, cell encapsulation and bioartificial pancreas [21-22], micro grippers for colon 
biopsy  and cell gripping [23-24], and microdrillers for remotely controlled minimally 
invasive surgery [25].  
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Figure 1.2 Ultra-small biomedical tools fabricated by self-assembly and self-folding. A) Self-folded hollow octahedra 
and their 2D net template precursors. Scale bar: 300 µm [26]. B) Self-assembled cubic containers over two orders of 
magnitude in size, from 2 mm to 50 μm. Scale bars: 100 µm (left) and 50 µm (right) [21]. C) Lithographically 
patterned 2D templates (left) with liquefiable hinges (center) that upon heating fold into hollow polyhedral 
containers (right). Scale bars: 250 μm [21]. D) Fibroblast cells encapsulated within a self-folded polymeric micro 
container. The green color indicates that the cells are alive. Scale bar: 250 µm [27]. E) Metallic micro container 
loaded with glass microbeads. Scale bar: 100 μm [28].  F) Open micro-gripper next to a plastic pipette tip (with a 
maximum dimension of 300 µm when closed, and 1.5 mm tip-to-tip when open) [23]. G) Microgripper capturing and 
moving a piece of biological tissue: scale bar 200 µm [29]. H) Single cell microgripper with captured cells within the 
arms of 50 μm grippers [24]. I) Schematic of self-folded magnetic microtools with sharp ends, directed at enabling 
drilling and incision operations of tissues (5 x 20 µm2) [25]. J) Self-assembled microfluidic device with dual channels. 
Scale bar: 500 μm[20]. K) Au-coated capsule of a bioartificial endocrine pancreas prototype with micropores. 
Scale bar: 300 μm [22]. 
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1.2 Powering Implantable Medical Devices 
The functionalities, performance and reliability of modern implantable medical 
devices that can deliver real-time in-vivo stimulation, data collection, and high speed 
wireless communications are on the rise. However, this increased device complexity is 
requiring more power, and certain applications have seen their implementation 
restricted due to their high power consumption, and the unavailability of sustainable 
and sufficiently small powering methods [30-32]. Examples can be seen in cochlear 
implants, where increasing the temporal resolution and the number of channels can 
improve the perceived sound quality in deaf patients, but it in turn requires an increase 
in the data rate, which consequently results in high power consumption [33]. Also in 
intraocular retinal prostheses, where the number of electrodes and encoding resolution 
are also constrained by the achievable data rate, which is also dependent on the 
available power [34]. Power can be provided by on-board batteries, energy harvesters 
or external sources such as electromagnetic waves. However, batteries, whose bulky 
size is  in many cases the most important factor limiting a device’s achievable level of 
miniaturization, are still the first choice for power hungry implantable medical implants.  
 
1.2.1 Batteries 
At present, batteries are the still the standard method for powering portable 
electronics and most commercially available IMDs due to their portability, reliability, 
and long shelf lives, and overall convenience [32][35]. Nonetheless, batteries often 
account for an important percentage of the device’s total volume and weight, making 
them big and heavy, and thus harder to implant. Figure 1.3 presents several implantable 
devices and their batteries, where it can be seen that in some cases the battery can 
take more than 50% of the device’s total available volume. This aspect alone points to 
the fact that an important strategy for further device miniaturization may lie in the 
replacement of batteries by alternative and much smaller power sources. In addition, 
besides size and weight issues, batteries also have limited capacities and  
lifespans [33][35].  
One of the major inconveniences of battery powered implanted IMDs lies in the 
fact that once implanted, devices will have to be surgically retrieved for battery 
INTRODUCTION    CHAPTER 1 
 
6 
 
replacement. For instance, the expected battery lifetime of a modern pacemaker is of 5 
to 10 years. When the battery drains, the patient will undergo another surgery to 
replace the battery, which translates into serious economic and health burdens.  
 
 
Figure 1.3 Batteries of commercially available medical devices. A) A pacemaker with a battery occupying more than 
50% of the device’s total volume [36]. B) Battery of an earlier model of a MicroCHIPS drug delivery system [5]. 
C) Retinal prosthesis with a bulky battery [37]  D) Main components of a PillCam endoscopic capsule with the 
battery occupying 40% of the whole device’s volume [17]. E) The Nanostim leadless pacemaker whose battery 
occupies roughly 80% of the device’s total volume [38].  
 
Another important concern of battery powered IMDs is battery leakage and the 
high risk of infection. To solve this problem, biodegradability has emerged as an 
important property of emerging battery technologies, allowing for temporary 
implantable device’s batteries to benignly degrade at the end of the life cycle without 
toxic byproducts/residues. Efforts have also been made to develop flexible batteries for 
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implantable applications since that in many cases the implant has to conform to the 
curvature of the human body or a specific organ [39]. 
It is noteworthy that advances in materials science and microfabrication have 
made possible miniaturized batteries that may be extremely important for future 
biomedical tools. Figure 1.4A presents a 3D printed micro battery  (occupying a volume 
of 2.1 × 2.1 × 1.5 mm3 after packaging) capable of providing a power density of 
2.7 mW/cm2 [40], and Figure 1.4B displays another micro battery (boxed in a 6 mm3 
package), capable of providing a power density of 0.675 W h/ml [41]. However, in spite 
of being incredibly small batteries, both require packaging systems that relegates them 
to the millimeter scale, and therefore make impractical for sub-millimeter applications. 
At the centimeter scale, Figure 1.4C, D and E show 3D biodegradable [42], and thin 
flexible [43-44] batteries, that in spite of being too big for sub-millimeter IMDs, still 
represent some of the newest trends in battery technology, suitable for body adaptable 
devices due to their thin, planar and flexible profiles. Nonetheless, these small batteries 
show equally small energy densities, which may be insufficient for the devices’ power 
requirements.  
The necessary packaging makes batteries bulky, and despite having experienced 
notable levels of miniaturization, reduced toxicity, biodegradability and improved 
flexibility, their overall size remains as a main bottleneck in further device size reduction 
[40][43][45][46]. Though, replacing batteries by alternative and/or complementary 
power-supply systems that do not rely on stored energy is still an important challenge 
looking for solutions. 
 
 
C 
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Figure 1.4 State-of-the-art miniaturized batteries. A) 3D printed interdigitated Li-Ion microbattery before packaging 
(left), after packaging (right) (2.1 × 2.1 × 1.5 mm3 after packaging) [40]. B) Ultra high energy density lithium 
rechargeable microbattery (3 × 3 × 0.7 mm3) [41]. C) Fully biodegradable primary battery dissolution process 
(energy density: 0.1mA/cm2) [42]. D) Bendable inorganic thin-film battery (2.54 × 2.54 × 0.2 cm3, energy 
density: 106 μA h/cm2) [43]. E) Flexible cellulose based carbon nanotube films for bio-compatible zinc batteries 
(1 × 1 cm2, energy density: 60 mA/cm2 ) [44]. 
 
1.2.2 Antennas 
Most implantable medical devices have strong size restrictions that make 
impractical the use of on-board stored energy. Moreover, if the target devices are in the 
sub-millimeter scale, batteries can be completely dismissed due to size 
incompatibilities.  Hence, considering alternative powering methods, radiofrequency is 
the one providing the highest power density per unit area [32], thus being a strong 
candidate to be utilized in sub-millimeter implantable applications that need continuous 
and steady power [35][47]. Consequently, there is now a major focus on the design and 
implementation of efficient miniaturized antennas for the powering of small 
implantable devices. However, antennas are, alongside with batteries, typically one of 
the device’s largest components, and can in turn act as a bottleneck on further device 
miniaturization.  
Currently, most integrated, on-chip, and sub-millimeter antennas are inherently 
planar due to ease of lithographic fabrication and low cost [32][48][49]. While efficient 
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planar antennas usually require large cross-sections which are not suitable for small 
form factor devices [21][23][50], three dimensional (3D) antennas make use of most of 
a given volume and can exhibit a relatively long length and high efficiency. Also, 3D 
geometries are able to form hollow structures that can be used for packaging of 
electronic components and batteries, and storage of liquids and cells [21]. The literature 
suggests that certain geometries can be useful for performance enhancement and 
optimization of small antennas, where 3D designs have been used to overcome some of 
the limitations of planar geometries namely their large cross-sections, small bandwidth 
and low radiation efficiency [32][51][52][53]. 
In fact, a variety of 3D geometries have already been used in several antenna 
applications (Figure 1.5) such as implanted stent-based antennas [10], dome-shaped 
antennas [54-55], reconfigurable origami antennas [56], helical antennas for smart 
dental applications [57], 3D printed bionic ears with an infused inductive coil 
antenna [58], terahertz responsive helical shaped and copper-coated microalgae [59], 
and µTags delivered into living cells [52]. Currently, the relevant fabrication methods of 
3D antennas and other RF applications include: manual assembly [56][60][61][62], 
3D printing [54][63], metallic inks on paper [64], direct transfer patterning of metallic 
patterns [55], thin film roll up [57], self-assembly [65], self-folding [66-67], 
wafer stacking [68-69], biotemplating [59], transfer printing [70] and compressive 
buckling [71]. However, all the aforementioned methods are either time consuming, 
unsuitable for mass production, strongly dependent on a few selected material types or 
have relatively low feature resolution and shape control, and therefore are not truly 
appropriate for sub-millimeter antenna structures fabrication.  
While most electronic components scale down (bounded by some limits) 
without significant performance impairment, antenna miniaturization is usually attained 
at the expense of its performance degradation (bandwidth, efficiency, and gain). Also, 
when miniaturized antennas are used inside the human body there are additional 
challenges that need to be overcome, such as RF signal attenuation in the tissues and 
reflection at the air-skin, and tissue-tissue interfaces. However, recent research [72-73] 
has found that the optimal operating frequency of antennas in human tissues lies in the 
low GHz range (up to 10 GHz), opening doors for the use of miniaturized antennas for 
implantable applications. Since the antenna size scales inversely with its resonant 
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frequency, lower operating frequencies require a larger antenna size, which translates 
to a larger device size. As a result, since it is necessary to decrease the antenna 
resonant frequency without increasing the total occupied volume, the design of 
miniaturized antennas should consider a careful balance between the smallest possible 
antenna size and the highest efficiency. One possible solution to achieve a small volume 
occupied by the antenna while decreasing its frequency is to modify its shape 
[53][74][75][76]. 
 
 
Figure 1.5 3D antenna geometries. A) Stent-antenna prototype with wireless powering capabilities [77]. B) A 3D 
printed meander line based conformal antenna [54]. C) Hand manufactured origami helical antenna where the 
whole structure can collapse to change its resonance frequency [66]. D) Thin film helical antennas for dental 
applications [57]. E) Spirulina-templated microstructures which are coated with metal unveiling spiral terahertz 
responsive micro structures [59]. F) Inductive and capacitive structures deployed into a living cell for potential 
passive RF identification tags [52]. 
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1.3 Motivation  
The motivation behind this work lies in the fact that a new generation of 
ultra-miniaturized wireless/theterless biomedical tools (presented in Figure 1.2) needs 
efficient powering schemes. These tools have reached dimensions that have not yet 
been accompanied by battery technology, and alternative powering method whose 
implementation does not further add to the device’s size would be desirable. In fact, 
this can be achieved using electromagnetic waves in the radiofrequency range, to 
wirelessly power small devices equipped with equally small antennas. One of the main 
advantages of using radiofrequency signal as a powering method, lies in the fact that 
high power densities per unit of area can be achieved, hence facilitating further device 
miniaturization [13][32][78][73].  
So far, a powering strategy for sub-millimeter tools had not yet been proposed, 
mostly due to size restrictions [21]. Therefore, this work aims at the development of a 
sub-millimeter antenna structure for wireless power transfer applications, without 
increasing the host device’s size. This can be accomplished by utilizing micro antennas, 
which are conformal with the geometry of the host device, or by making the device’s 
own structure itself an antenna. This approach represents a major advantage even over 
other alternative powering methods, such as energy harvesters, which require the use 
of additional bulky components that further add to the device’s total size.  
These micro antennas can be made utilizing advanced materials and applying 
microfabrication techniques. This thesis will pursue the possibility of wirelessly power 
an implantable sub-millimeter device (500 × 500 × 500 µm3), whose dimensions are a 
key factor to enable new sites of implantation, and new medical strategies for diagnose 
and treatment. In fact, micro cubic containers with small form factor and high aspect 
ratio have been proposed for drug delivery and cell encapsulation, since their geometry 
allows hollow structures with high integration and packaging capabilities. The devices 
were loaded with gels, cells and drugs, and further release-on-demand was mediated by 
remote heating with electromagnetic fields [21][79]. This composition makes obvious 
the need for external power and wireless communications, giving birth to the vision of a 
wireless implantable sub-millimeter cubic device, with an integrated microantenna as 
shown in Figure 1.6. 
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Figure 1.6 A) Self-loaded micro container overfilled with 150 mm glass beads (scale bar: 100 um) B) Dodecahedral 
shaped hollow metallic container featuring surface patterning of slits (scale bar: 250 um). C) Container made of SU8 
panels with live fibroblast cells inside (scale bar: 250 um). D) SU8 container and biodegradable polycaprolactone 
hinges (scale bar: 500 um). E – F) Ordered self-folded cubic microwell arrays composed of gold coated 
containers [79]. 
 
1.4 Goals and Challenges 
One of the main goals of this work is the development of a methodology that 
enables the fabrication of 3D micro antennas, which operate in the low gigahertz range 
when embedded in dispersive media. Prior to fabrication, it is intended to characterize 
the antennas by measuring their S-parameters and radiation properties. Finally we 
intend to demonstrate a wireless power transfer application. Here, a water immersed 
micro antenna will receive a RF signal from an external antenna, and convert it into DC 
signal, and by lightening up an LED, it will demonstrate that power was successfully 
transferred. 
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Due to the dimensions of the host device, it is required to develop an extremely 
small antenna, and this particular feature instantly posed an enormous challenge. First, 
sub-millimeter structures had to be fabricated using microfabrication technologies. To 
do so, we adopted a methodology that combines conventional planar photolithography 
and self-folding methods. The microstructures were fabricated starting with silicon 
wafer substrates, followed by thin film deposition, photolithography, electrodeposition 
and etching techniques. Secondly, small antennas have naturally high operating 
frequencies, which consequently induce high losses in the wireless path due to 
dispersive media such as the human body. Strategies had to be found in order to reduce 
the operating frequency while keeping the antenna parameters within practical and 
workable values. Lastly, the fabricated antennas are extremely hard to manipulate and 
to characterize. The available instrumentation such as connectors, transmission lines, 
and probes are often bigger than the antenna, making very difficult to precisely 
measure the antenna parameters, such as the radiation pattern, and to clearly 
understand what is actually being measured.   
 
1.5 Main Contributions 
The contributions described in this work address the topic of wireless powering of 
miniaturized devices, introducing a methodology to fabricate 3D sub-millimeter 
antenna structures, and discussing how this methodology can be used for a wireless 
power transfer application for ultra-small implantable devices. The development of such 
structures requires a multidisciplinary effort, by studying and bringing together the 
knowledge from several fields such: as human tissue physiology, for the comprehension 
of the underlying concepts of RF interaction with biological media; 3D modeling and RF 
simulation for the design of valid models; material science and microfabrication 
techniques for the development of the antenna structures; and RF measurement 
methods for the antenna characterization. In summary the key contributions of this 
work are summarized as follows: 
 
- Introduction of the smallest ever 3D antenna structure for the powering of 
ultra-small implantable devices. 
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- A methodology to use antennas that usually operate in the high gigahertz in 
the low gigahertz range (Figure 1.7A). 
- Application of self-folding as both an antenna fabrication and miniaturization 
technique. 
- The development of extremely small antenna characterization and measuring 
setups (Figure 1.7 B, C, D). 
- Demonstration of wireless power transfer setup where a micro antenna 
immersed in dispersive media is used to receive an RF signal from an RF 
source in order to power an LED (Figure 1.7E, F, G). 
 
Figure 1.7 A) Fabricated micro antennas. B) Antenna characterization setup composed of an end launch connector 
and a transmission line. C) Transmission line with a micro antenna and dispersive media. D) Close-up view of the 
micro antenna on the transmission line. E) Wireless power transfer setup composed of transmitting horn antenna 
and receiving micro antenna immersed in water. F) Rectifying circuit with and LED showing that power was 
successfully received by the fabricated micro antenna. G) Top view of the passive system composed of the 
immersed micro antenna and rectifying circuit. 
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1.6 Thesis Outline 
In this first chapter, introductory notes concerning the main drivers pushing for 
the miniaturization of implantable medical devices are discussed. Here are presented 
several ultra-miniaturized biomedical tools that may greatly contribute to the birth of a 
new generation of implantable devices that will enable new medical applications. Since 
all IMDs need to be powered, we then discuss the common and alternative powering 
methods, pointing out why batteries are often impractical for implantable applications 
and how radiofrequency energy is a suitable candidate to power ultra-small devices. 
Chapter two starts with a brief historical context of the first implantable medical 
devices. A description of the essential building blocks of IMD is presented, followed by a 
discussion on the introduction of wireless capabilities into IMDs and its impact on 
modern medicine. Then we discuss alternative IMD powering technologies. Here, an 
overview of some of the well-known energy harvesting technologies such as fuel cells, 
piezoelectric transduction and radiofrequency waves is given. Since radiofrequency 
powering methods offer wireless and continuous power, we will examine wireless 
power transfer techniques with emphasis on near and far-field applications such as 
inductive coupling and radiative transfer. Finally, we will review the state-of-the-art of 
antenna technology for centimeter and millimeter scale applications. 
In chapter three the discussion will be centered on implanted antennas and the 
interaction between electromagnetic waves and lossy media, in order to understand 
the loss mechanism that is responsible for the attenuation of radiofrequency waves in 
biological tissues. We will also study the operating frequency of very small implantable 
antennas and its relationship with tissue attenuation and antenna efficiency. Here, the 
fundamental aspects of antenna miniaturization are presented, highlighting geometry 
modification, dielectric loading with high permittivity materials, and the full use of the 
volume circumscribing the antenna. Finally, we will focus on electrically small antennas, 
their performance constrains and the fundamental limitations imposed by their size. 
In chapter four, the design considerations and the methods used for the 
antenna project are described. Several antenna designs are discussed and a careful 
explanation is given in order to better understand what structural changes (and results) 
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lead to the final antenna design. An extended antenna geometry parametric analysis is 
also presented.  
Chapter five is reserved to the micro antenna fabrication process. Here the 
fundamental principles behind self-folding are introduced. A summary of the fabrication 
process is shown, followed by the design rules and fabrication steps, detailed 
fabrication protocol, and concluded with the final results, i.e. the fabricated micro 
antennas. 
Chapter six is dedicated to antenna measurements and the development of a 
wireless power transfer application using the fabricated micro antennas. Throughout 
this chapter, the different steps/iterations that lead to the final characterization setup 
are discussed in order to give an insight on how demanding it is to accurately measure 
and characterize sub-millimeter antennas. The several experimental setups used for 
antenna characterization and radiation pattern measurement are discussed as well as 
the materials and methods involved in the WPT application. 
Chapter seven will be reserved for final conclusions, and prospects of future work 
related with this research.  
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2 Smart and Small 
The arrival of microfabrication techniques, which allowed increased device 
complexity within small form volumes, was extremely important for the development of 
IMDs. Furthermore, with the inclusion of wireless capabilities, another significant 
technological leap was given, as devices are now capable of communication, hence 
providing continuous and relevant data that can be easily accessed by physicians for 
quicker and more accurate medical diagnose. However, the scaling down of implantable 
devices raises the problem of how to power them, as batteries don’t scale down in the 
same way and may become too big to be used on. Consequently, alternative sources 
that do not rely on stored energy are emerging. Energy harvesting methods have been 
proposed but many such technologies are still premature or provide insufficient power. 
Yet, other alternative methods, which rely on the use of radiofrequency, have been 
proposed and presented as a viable source of uninterrupted power. 
This chapter starts with a brief historical perspective of the development of 
implantable medical technologies, followed by a review of the IMD essential building 
blocks, and a discussion on wireless connectivity and how it plays a key role in the new 
medical paradigm of personalized health. Then, we will focus on the IMDs alternative 
powering methods, such as energy harvesters and radiofrequency power sources, 
which promise to bring great benefits to IMDs by replacing batteries, and thus 
facilitating further device miniaturization. In the path of RF power, we will review the 
wireless power transfer concepts and methods, while focusing our attention into near 
and far-field applications, which have proven to be key for many implantable 
applications. 
 
2.1 Implantable Medical Systems 
The first implantable medical devices were developed in the 1930’s when the 
initial attempts of nerve and muscle electrical stimulation were performed [32]. 
Between 1950 and 1970, telemetry systems were developed mostly for tracking 
purposes. These were modest systems composed by a battery, a coil antenna and 
sensor, and their capabilities remained restricted to sensing pH levels, intestinal 
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contractions, temperature and pressure. The first stimulation systems were also 
developed for stimulation of the peripheral and central nervous systems. Small electric 
currents were used to produce nerve signals transmission or blockage (pain 
suppression). Also in this period, the first attempts to develop cardiac defibrillators, 
visual prosthesis and brain stimulators for emotional control were made. Between 1970 
and 1990 the implants matured. With the first microelectronics and integrated circuits, 
device miniaturization was possible and new generations of sensors and cameras were 
used. Micromechanical elements, chemical, physical, and biological actuators were 
incorporated, and new miniaturized telemetry systems uncovered a new world of 
implantable solutions. It was in the same period that the first dedicated journals in the 
field of transducers and MEMS emerged. From 1990 to the present day, the 
development of very large scale integrated circuits (VLSI) and application specific 
integrated circuit (ASIC), as well as the miniaturization of physical, chemical, and 
biological transducers, MEMS and NEMS cleared many technical barriers and widened 
the applications of implantable systems in medical and life sciences research. These 
devices are now able to mitigate lost functions, treat health disorders and monitor 
biological parameters, and promise to improve health care and reduce the cost of 
diagnostics [32][80]. 
 
2.1.1 IMDs Applications 
Starting with the first ever implanted cardiac pacemaker in 1953, the 
therapeutic applications of IMDs are intended for active treatment and diagnostic 
applications. Active treatment devices can be found in assistive/artificial organs such as 
cardiovascular assistive devices, heart pacemakers, respiratory pacers, artificial kidneys 
and lungs, urinary control systems, artiﬁcial vocal cords; drug delivery systems, cancer 
treatment or pain relieve drug infusion devices; neural recorders and stimulators for 
epilepsy treatment, Parkinson’s disease and pain suppression; middle ear and cochlear 
implants for the hearing impaired and vision prosthesis for the blind. The diagnostic 
applications make use of the body’s physiological signals to monitor blood pressure, 
blood oxygen level, blood glucose, ECG, temperature and inner ocular pressure. Devices 
that monitor organ functions, transplanted organs, disease progression, and cancer 
SMART AND SMALL    CHAPTER 2 
20 
 
growth are also available, as well as dwelling devices in the esophagus, digestive 
channel, and other body cavities [30][32][78]. 
2.1.2  Essential Blocks of Implantable Medical Devices 
Modern IMDs are biomedical instruments that can sense, actuate, gather 
information and/or solicit a reaction within a living organism from a location external to 
the body through a wireless communication link [32]. The system is usually surgically 
implanted inside the body or is placed inside body cavities. The essential parts of an 
implantable system are presented in Figure 2.1, where the implant is linked to external 
equipment by a wireless link for telemetry (sensing) or stimulation (actuation). When 
both are linked together, it is called a closed-loop control system. 
The system can be fully electronic or can have mechanical, chemical or biological 
parts. In implantable telemetry systems, the sensors convert the biological parameters 
into electric signals, which are processed by the interface and are transmitted to an 
external receiver using a radiofrequency link (or other wireless means such as optical or 
ultrasound). In implantable actuation systems, the external unit makes use of the 
wireless link to send command signals, driving the actuators to solicit certain actions. 
The actuators are the electrical stimulators that send electrical current to muscles or 
nerves through stimulating electrodes. In closed-loop control systems, the telemetry 
and stimulating units are linked together to control a specific body function where the 
telemetry component acts as a feedback unit [30][32][78].  
 
 
Figure 2.1 Conceptual diagram of the essential parts of an implantable system. 
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2.1.3 Wireless Capabilities 
In the early development stages of IMDs, telemetry was not available, but as 
technology evolved and our understanding of the biological interaction between 
radiofrequency and human tissues matured, the benefits of RF use in biomedical 
applications surpassed the implementation challenges, thus becoming more 
widespread [78]. IMDs are now capable of bidirectional RF telemetry applications 
between a remote or inaccessible location within the human body and an external 
receiving station. This feature is a key factor for the new medical paradigm of 
personalized health care and a must-have for the most recent medical implants [78]. 
The ability to communicate with, to control, and to wirelessly power an implanted 
device can provide unprecedented access to the human body and personal health data 
without interruptions. With remote monitoring, physicians and patients could be 
provided with continuous health condition status updates, and be permanently aware 
of the state of their well-being, and hence potentially prevent diseases and favor home 
hospitalization as depicted in Figure 2.2. 
 
Figure 2.2 IMD communication path with a home based station and a medical facility. The IMD communicates with 
a home base station, which in turn can communicate with the physician at the hospital. A data collection station 
keeps the physician updated with the patient’s clinical information and instructions (drug dosage, stimulus, etc.), 
that can be transmitted from the physician to the patient’s IMD at home. The home base station can also power the 
IMD through electromagnetic radiation. 
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Besides the instant benefits to patients and healthcare providers that arise from 
this feature, economic benefits are also extremely relevant. Personal health records can 
be created and direct access to cellular or fixed networks and to the internet can offer 
remote monitoring of patients, hence decreasing hospital visits. Recent studies suggest 
that physicians who access medical devices through remote monitoring can offer a 
reduction of 40% in hospital visits and the cost per visit reduced by $1,800 [32][80].  
 
2.2 Alternative Powering Methods 
Most implantable medical devices are currently powered by batteries, which 
periodically have to be recharged or replaced, and therefore the need for alternative 
power methods is becoming more evident. Furthermore, these power sources must be 
small, inexpensive and highly reliable. This need has given rise to a new field of research 
and engineering practices frequently referred to as “energy harvesting”. This term 
generally denotes devices or systems that capture (or harvest) energy in the 
environment and convert it to a useful form. Well-known examples of large-scale and 
renewable power generation are solar arrays, wind farms, and ocean wave generators. 
However, energy harvesting is usually used to describe or define technologies, devices, 
and systems that capture ambient energy to replace the batteries, carrying with them 
the theoretical promise of perpetual, maintenance-free power sources with long 
lifetimes and high reliability while being competitive on size and cost.  
It is noteworthy that the overall dimensions of energy harvesting systems for 
biomedical applications are usually in the millimeter or centimeter range, and only the 
transducers are in fact in the microscale. In the available literature the term “micro” 
usually refers to the parallel fabrication techniques common to the semiconductor and 
MEMS industries. In practice, some of the devices will be macroscale devices that are 
moving toward microscale implementations. 
In this section, we will review some alternative powering technologies and 
methods that can provide power to implantable medical devices. Since IMDs have to be 
small, reduced size is also a pre-requisite for implantable energy harvesting systems 
(EHS). However, most EHS have overall dimensions in the centimeter and millimeter 
scales and generate power in the microwatt range (10-100 µW). Many energy 
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harvesting sources (and methods) have been presented in the literature [81-84], and 
among them biological [85], thermal [86], piezoelectric [87], and electromagnetic  
sources [67] have been proposed for powering of IMDs. Here, special attention will be 
given to fuel cells, thermoelectric generators and piezoelectric materials and 
electromagnetic sources.  
 
2.2.1 Fuel Cells 
Fuel cells convert the electrochemical energy of a fuel into electricity using 
catalytic oxidation/reduction reactions. Glucose and enzymatic biofuel cells are an 
interesting solution for implantable medical applications due to their high energy 
density and power [85][88]. Although having been proven feasible in vivo [89] (Figure 
2.3A), several issues such as the long-term in vivo performance and safety still have to 
be addressed for fuel cells to be considered for implantable applications [90].  
 
2.2.2 Thermoelectric Generators 
Thermoelectric generators [91] are solid-state devices that directly convert the 
thermal energy of a temperature gradient into electrical energy. Their attractive 
features, such as high reliability, durability, and compactness are appealing since the 
human body is an abundant source of thermal energy. Thermoelectric generators can 
be used in very low-power implantable applications such as supporting a clock circuit 
inside a rabbit [91] (Figure 2.3B). However, they suffer from low conversion efficiencies 
and even very low power circuits need a temperature gradient of several Kelvin, and 
such gradients are difficult to attain inside the human body [92].  
 
2.2.3 Piezoelectric Transduction 
Piezoelectric transduction has also been proposed as a way of powering IMDs. 
The working principle is based on the ability of piezoelectric materials to produce an 
electrical voltage when subjected to mechanical deformation. These materials have 
proven to enable mechanical-to-electrical energy conversion from the natural 
contractile and relaxation motions of arteries [93], heart, lung, and diaphragm to power 
a pacemaker [87] (Figure 2.3C), and can also exist in the form self-powered 
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nanosystems [94]. The main challenges of piezoelectric power sources for IMDs relies 
on the variable, and usually small output energy levels, thus making the design of power 
management circuits a challenging task that needs to be further investigated.  
 
2.2.4 Radio Frequency 
Energy transfer from electromagnetic waves to IMDs has also been proposed [95] 
(Figure 2.3D). Among the different alternative powering techniques, RF energy is the 
one providing the highest energy density per unit area, thus having the highest 
potential for miniaturization [13][32][73][78]. Since the transducer in RF energy transfer 
is an antenna, its miniaturization is key. However, and as we will see in chapter three, 
antenna miniaturization is a challenging task that requires a compromise between 
antenna size and its overall performance. With the increasing use of wireless 
communications, the opportunities for wireless energy transfer are growing. In the next 
section we will discuss wireless powering approaches such as inductive coupling 
systems, making use of coils, and radiative transmission, by means of antennas, have 
been investigated as methods of wirelessly transferring energy to implantable medical 
devices [67][73][77][96]. 
 
 
Figure 2.3 Alternative powering methods for implantable applications. A) A glucose biofuel cell for rat 
implantation [89]. B)  Implantable thermoelectric generator [91]. C) A piezoelectric system capable of harvesting 
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energy from the natural contractile and relaxation motions of the heart, lung, and diaphragm and used to power a 
pacemaker [87]. D)  Implantable stent in the pulmonary artery [95]. 
 
2.3 Wireless Power Transfer 
Transferring power wirelessly over a distance is a major technologic 
breakthrough as it can provide devices with virtually unlimited energy, thus improving 
the overall device features. As a result, in recent years, wireless powering technologies 
have emerged as solid options for the powering of biomedical applications (Figure 2.4).  
 
 
Figure 2.4 The rapid development of the WPT applied in biomedical applications, the number is indexed by using 
key words “Wireless Power Transfer and Biomedical” in IEEE Xplore (adapted from [97]). 
 
Among them, mostly the inductive and radiative methods have been proposed 
for the powering of implantable medical devices. In this thesis we will focus on the 
antenna near-field and far-field transfer regions, which describe specific areas within an 
electromagnetic field formed around an antenna.  
The space surrounding an antenna is usually subdivided into three regions, 
designated to identify the field structure in each one of them. These are the reactive 
near-field, the radiating near-field and the far-field, as shown in Figure 2.5. The 
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transitions between these regions are not distinctive, although various criteria have 
been established and are commonly used to identify them.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Field regions of an antenna [98]. 
 
The reactive near-field is defined as that portion of the near-field region 
immediately surrounding the antenna, wherein the reactive field predominates. It 
means the E and H fields are out of phase, by 90 degrees, to each other (for 
propagating or radiating fields, the fields are orthogonal but are in phase). For most 
antennas, the outer boundary of this region is commonly assumed at a distance 
𝑅 <  0.63 from the antenna surface (λ is the wavelength and D the largest dimension 
of the antenna).  
The radiating near-field (Fresnel) region is defined as that between the reactive 
near-field and the far-field regions, wherein radiation fields predominate. If the antenna 
has a maximum overall dimension which is very small compared to the wavelength, this 
field region may not exist. The inner boundary is assumed to be 𝑅 ≥ 0.63√𝐷3/𝜆, and 
the outer boundary 𝑅 < 2𝐷2/𝜆.  
The far-field (Fraunhofer) region is defined as that region of the field of an 
antenna where the angular field distribution is essentially independent of the distance 
from the antenna. The inner boundary is taken to be the radial distance 𝑅 > 2𝐷2/𝜆  
and the outer one at infinity [98]. 
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Both near-field and far-field electromagnetic fields decrease inversely with 
distance from the antenna. The reactive near-field attenuates as waves travel away 
from the antenna with distance dependency of 1/𝑟3, while the radiating near-field 
attenuates with a dependency of 1/𝑟2. The far-field attenuates with a distance 
dependency of 1/𝑟.  
The near-field and far-field transfers have their own subtypes, as seen in 
Table 2.1. The near-field transfer includes inductive and capacitive coupling, while the 
far field transfer includes the propagating electromagnetic. The characteristics of the 
five kinds of transfers are summarized in the table below. 
 
Table 2.1 A comparison between wireless power transfer methods. 
WTP type Frequency  Directivity Range Penetrability Efficiency 
Inductive Coupling Low Hz-MHz  Low Short Strong High 
Capacitive Loading Low Hz-MHz  Low Short Strong High 
Propagating 
Electromagnetic 
MHz 
THz 
 
Medium 
 High 
Medium  
High 
Medium 
Low 
Medium 
Low 
 
 
Several authors [97] argue that due to weak directivity, strong tissue 
penetrability and high efficiency, wireless power transfer by means of inductive 
coupling is the best option for implantable medical applications. However, as we will 
see in the next section, inductive coupling presents a series of drawbacks when used for 
wireless power transfer, which can be surpassed by a using radiative transfer instead. 
 
2.3.1 Inductive Coupling 
In inductive coupling, an alternating current in a transmitting coil generates an 
alternating magnetic field, which passes through, and couples to a secondary coil. The 
generated alternating fields induce an electromotive force in the receiving coil that can 
be used to power a load as seen in Figure 2.6. Unlike RF systems that communicate by 
means of propagating plane waves in free space, inductive coupling relies on setting up 
a quasi-static magnetic field around the transmitting coil. When a second coil is 
introduced into that field, the incident time varying magnetic flux density on that coil 
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induces a voltage on its windings. The modulated voltage can then be processed and 
data can be transmitted. Data and power can be transmitted over short distances, and 
applications using this principle have been the preferred energy transferring method 
when it comes to implantable medical devices [13][73][99][100]. 
 
 
Figure 2.6 Schematic of the inductive coupling transfer setup. 
 
Since inductive coupling mostly exploits low frequencies, such as the 13.56 MHz 
industrial, scientiﬁc, and medical (ISM) band, it becomes very practical for the powering 
of IMDs due to low signal attenuation in the human tissues. However, regardless of its 
popularity, near-field methods are not free of challenges. Among them, the week 
coupling between coils is a common one. Several reasons for this have been reported 
but coil misalignment is usually a major issue, causing low power transfer efficiencies 
and low data transfer [101-103]. In fact, this method requires precise positioning 
between coils, which can be very difficult to achieve specifically if the subject is 
expected to be moving [104]. Moreover, there are coupling difficulties for devices 
implanted in dissipative and heterogeneous tissues. Also, inductive coupling is limited 
by exponential decay, as it is a near field phenomenon, and thus the external coil has to 
be in close proximity to the implant, which limits the comfort and freedom to perform 
daily live activities.  
 
2.3.2 Radiative Transfer  
As future implantable devices are expected to be ubiquitous and fully 
compatible with the subject lifestyle, there’s an obvious technological drive to proceed 
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towards the development of solutions that do not require users to carry, or to be in 
close proximity of, a signal-reading and/or powering station as in inductive coupling 
systems [105-106]. In this way, it is important to increase the distance at which 
implantable devices can communicate and be wirelessly powered. This can be 
accomplished by using RF antennas exploiting radiative transfer, where communication 
and wireless powering are performed utilizing propagating electromagnetic waves.  
To power small devices with small integrated antennas, the electromagnetic 
wavelengths are typically in the microwave range. These microwaves are generated by 
an RF source which is connected to an antenna. The energy radiates outwards in all 
directions, in the form of an electromagnetic wave that leaves the transmitting antenna, 
and is intercepted by a receiving one located at a distance (Figure 2.7). The received RF 
signal is then rectified and transferred to a load.  
 
 
Figure 2.7 Schematic of the radiative transfer setup. 
 
Unlike in inductive coupling, this type of transfer, usually performed in the 
radiating far-field, is not strongly restricted to short distance operation, nor by the strict 
positioning and alignment between the transmitting and receiving coils, and can be 
used to transmit energy to multiple receivers. This desensitization of transmit and 
receive antennas to relative alignment and orientation means that implants with 
integrated antennas can operate more robustly in the far field, and with the uncertainty 
of the implant’s position and orientation in respect to the external source. 
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2.4 Antennas for Implantable Medical Devices 
Currently, the majority of commercially available IMDs make use of inductive 
coupling, i.e., magnetic induction, for data and power transfer, mostly due to the fact 
that inductive coupling operates at low frequencies and therefore signal losses in the 
tissues are low. Some examples of IMD that make use of inductive coupling are the 
microCHIPS drug delivery implant for osteoporosis treatment [5], CardioMEMS 
pulmonary artery pressure sensor  [107], and the Argus® II retinal prosthesis system 
from Second Sight Medical Products Inc. [4][16] (Figure 2.8). 
 
Figure 2.8 Commercially available IMDs that make use of inductive coupling for data or power transfer. A) 
MicroChips implantable drug delivery device [5]. B) The Argus® II Retinal Prosthesis System [16]. C) Implantable 
aorta pressure sensor [107-108]. 
 
However, many patents of IMDs with integrated antennas have been recently 
filed by major medical device companies such as Medtronic. Inc. and Boston Scientific, 
Inc. This new trend is supported by the increasing capabilities and functionalities of 
modern implantable devices that collect, manage, and quickly transmit high volumes of 
data. Inductive coupling systems are known for their low data transfer rates and hence 
some providers are making efforts to equip their products with RF antennas for quicker 
wireless data links and power. Patents have been filed for cardiac pacemakers, 
defibrillators, intracranial devices, and neurostimulators [109-116]. Nevertheless, 
literature on antennas for implantable applications is rich and growing, and the need for 
high data links over larger distances is fueling new antenna designs and applications. 
Table 2.2 presents some of the most recent antenna designs proposed for IMDs. These 
antennas are suitable for wireless power transfer purposes, in-body telemetry, 
monitoring and sensing, and found in key implantable technologies, as seen in 
intraocular, neural, cardiovascular, drug delivery and endoscopic devices. 
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2.4.1 Antennas on Centimeter Scale Devices 
Antennas come in many forms and shapes such as flexible spiral [109], wire 
[110], inverted E [111], stacked in high dielectric substrates [115], fractals [114], and 3D 
configurations[112-113]. Most antennas used in miniaturized devices are of planar 
geometry due to ease of fabrication and low cost [48-49], and examples can be seen on 
single spirals, meander lines, dipoles, slots, PIFA, loops, and fractal antennas. Even, to fit 
on centimeter scale devices, the antennas have to be miniaturized, and a common way 
of doing it is to alter its geometry [74-76]. In fact, antenna miniaturization can be 
achieved in many ways such as bending a dipole [117], printing radiating elements on 
both sides of a substrate [118], capacitive loading and slit formation [119], slot creation 
[120], and layer stacking [121-122] (Figure 2.9).  
 
 
Figure 2.9 Planar antennas proposed for IMDs. A) Flexible planar dual-band implantable antenna for endoscopy 
capsule [118]. B) Annular slot antenna for intracranial pressure sensor [120]. C) Multi-layer implantable antenna for 
a brain stimulation system [121]. D) Capacitive loaded patch antenna for biomedical applications [119]. 
E) Implantable triple-band implantable antenna with a spiral and stacked structure [122]. F) Self-propelled 
implantable device with loop antenna [13]. 
 
Other miniaturized antennas adopt 3D typologies in order to efficiently use most 
of a given three dimensional space, in order to produce larger antennas (Figure 2.10). 
3D antenna designs have been utilized as an relevant tactic for antenna performance 
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enhancement and optimization, thus overcoming some of the limitations of planar 
antenna, namely their large cross-sections, low bandwidth and low radiation efficiency 
[32][51][52][53]. Examples range from folded antennas for dental implants [131] and 
cochlear implants [123], conformal antennas for central venous catheter [124], a 
monopole on-chip antenna for an intraocular pressure monitor device [125], and an 
implanted stent antenna for pulmonary failure detection [10]. Frequently, the 
packaging requirement have priority over the antenna, which lead to solenoid radiator 
geometries. These geometries are very common in in-dwelling devices for 
gastrointestinal applications such as in endoscopic capsules where 3D antenna designs 
are used [126-127]. Non-solenoid antenna geometries have also been proposed as seen 
in [128-130]. 
 
 
Figure 2.10 3D Antennas proposed for IMDs. A) 3D folded antenna for dental implants [131]. B) Conformal 
meandered dipole antenna for ingestible capsule endoscope [128]. C) 3D conformal monopole antenna for central 
venous catheter [124]. D) Low-profile cylindrical helical antenna for ingestible endoscopy capsule [127]. E) RFID tag 
helix antenna sensors for wireless drug dosage monitoring [130]. F) Stent antenna for heart failure detection by 
monitoring internal pressure measurements of the pulmonary artery [10]. 
 
2.4.2 Antennas for Millimeter Scale Applications 
Until now we have seen centimeter scale antennas for centimeter scale devices. 
However, if devices are intended to be implanted in the tiny openings and vessels of the 
human body, not only the devices’ dimensions have to be drastically reduced, but their 
antennas as well. Figure 2.11A presents a centimeter scale double action biopsy spoon 
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forceps, used to grasp and collect tissue from the colon walls and, in between the 
forceps, it can be seen a microgripper. Both tools, being utilized for colon biopsy, are 
introduced via the anus. While the forceps retrieve colon tissue samples every 10 cm, 
the microgrippers, which can be deployed in by the thousands, covering a much wider 
area of the colon, and collect many more tissue samples, thus increasing the probability 
of finding cancerous cells. Figure 2.11C presents a centimeter scale drug delivery 
device, which is implanted under the skin, while in Figure 2.11D and E, present two 
micro containers suitable for drug delivery in situ, which can be deployed in the narrow 
conduits of the human body. 
 
 
Figure 2.11 A) double action biopsy forceps and a microgripper [23]. B) MicroCHIPs drug delivery implantable 
device [5]. C) The microgrippers are activated thermally when inside the colon. The sequence shows the thermal 
actuation of the microgrippers at 37° C within 10 min. D) Self-folded polymeric micro container and E) Metallic 
micro container, both suitable for drug delivery and cell encapsulation purposes. 
 
In both cases, an ultra-miniaturized version of a centimeter scale tool requires 
some sort of external triggering or activation, which could be provided with a 
radiofrequency signal [21]. The realization of extremely small antennas for sub-
millimeter devices is not very common and the literature is also scarce. A few examples 
can be seen in micro coil arrays for nuclear magnetic resonance [132], micro helixes 
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arrays for remote imaging [133], metal coated spirulina for terahertz responsive 
structures [59], and micro tags delivered into living cells containing inductive and 
capacitive structures for potential passive radio-frequency identification 
applications [52] (Figure 2.12). Several reasons can be pointed out for the scarcity of 
more ultra-small implantable tools making use of sub-millimeter antennas, and the 
main one being the fact that radiofrequency losses in human tissues increase with 
frequency, thus resulting in low power transfer efficiency. Nonetheless, with the 
possibility of transferring power in the low-gigahertz range, such losses can be 
diminished, which may encourage further research on this subject. 
 
 
Figure 2.12 Micro coil antennas (1000 × 500 µm2) for a nuclear magnetic resonance application [132]. B) Micro-helix 
antenna array prototype for a remote imaging application [133]. C) Spirulina-templated microstructures which are 
coated with metal unveiling spiral terahertz responsive micro structures [59]. D) Micro tag into living cell [52]. 
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Table 2.2. Antennas for implantable medical devices: State of the Art. 
Type Dimensions Frequency BW Applications Range Year 
Loop 2 mm2 1.86 GHz  Energy Harvesting 5 cm 2012 [13] 
Monopole 1.5 x 3.2 mm2 5.2 GHz  
Intraocular 
Energy Harvesting 
10 cm 2013 [125] 
Fractal 20 ×20 ×1.6 mm3 2.4 GHz / 5.8 GHz  Energy Harvesting 25 cm 2014 [134] 
Patch 
Capacitive 
10 x 10 x 1.27 mm3 2.4 - 2.48 GHz 7.74% 
Neuro Implant 
Telemetry 
< 7 m 2014 [119] 
Loop 2 x 2 x 2 mm3 300 MHz Narrow Brain Machine  2013 [135] 
Annular Slot 6.5 x 6.5 mm2 2.4 GHz ISM 26 % 
Intracranial 
Pressure Sensor 
 2013 [120] 
3D folded 
fractal 
245mm2 MedRadio 4.8 MHz 
Telemetry Dental  
Device 
3 m 2013 [131] 
Patch 
Spir
al Dipole 
204 mm3 
402-405 MHz 
(MICS) 
 
In body Telemetry 
40 cm 
2013 [136] 
300 mm3  138 cm 
Folded Dipole 20 x 0.8 x 0.8 mm3 0.951 – 0.956 GHz  In body Telemetry 
 
2013 [137] 
3D conformal 10 x 10 x 16 mm3 401–406 MHz 273 MHz Telemetry 
 
2014 [124] 
Flexible PIFA 13.4 x 16 x 0.835 mm3 
402-405 MHz  
2.4 GHz 
23 % 
21 % 
Telemetry 10 cm 2014 [118] 
Spiral Dipole 10 x 10 x 0.675 mm3 
MICS 
ISM 
47.5 % 
31.6 % 
Telemetry 
 
2014 [117] 
Folded Dipole 36mm × 1.6mm mm3 924 MHz 225 MHz Telemetry 10 m 2013 [129] 
Folded Loop 38 x 38 x 2.2 mm3 2.37–2.58 GHz 210  MHz 
Telemetry 
Cochlear 
10-50 mm 2014 [123] 
Stent 
Antenna 
3394 mm3 2.4 GHz 555 MHz 
Cardiovascular 
Stent 
Telemetry 
 2009 [10] 
Spiral 393 mm3 500 MHz 21 % 
Capsule 
Endoscope 
Telemetry 
150 mm 2011 [126] 
Meander 
Dipole 
60×60×0.127m3 1.4 GHz 20 % 
Capsule 
Endoscope 
Telemetry 
 2009 [128] 
Helix 1332 mm3 2.4 GHz 110 MHz 
Drug Dosage 
Monitoring 
 2014 [130] 
Helical Π x (5.5)2 x 3.81 mm3 2.4-2.48 GHz ISM 26% 
Capsule 
Endoscope 
Telemetry 
150 mm 2014 [127] 
Loop 
5 mm radius 
5um thick 
1.8 GHz  Glucose Sensor 15 cm 2012 [6] 
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3 Small Antennas for Implantable Medical Devices 
Unlike conventional antennas, typically used for communication in free space, 
implanted antennas are subjected to special conditions that hinder their performance. 
First, they are typically embedded in high loss media, such as the human tissues, that 
affect the propagation of the electromagnetic waves, attenuating them. Second, due to 
size requirements, they have to be miniaturized, which is usually achieved at the 
expense of the antenna performance degradation, namely its efficiency, and gain. 
Furthermore, and as we will explain, these two special conditions are related. Due to its 
dielectric properties, the human body can be seen as a low pass filter, where the 
biological tissues allow low frequency electromagnetic signals to pass through them, 
but strongly attenuate any high frequency ones. On the other hand, since the antenna 
operating frequency is inversely proportional to its size, it means that an implanted 
miniaturized efficient antenna will operate at a high frequency [72], resulting in high 
tissue attenuation. This fact alone could discourage the use of high frequency antennas 
on IMDs. In fact, most of today’s commercially available IMDs make use of low 
frequency links based on inductive coupling, for communication and wireless power 
transfer. In contrast, the use of low frequency electromagnetic signals would represent 
a serious drawback since it requires large receiving antennas and consequently larger 
devices. 
However, recent research [138] has shown that there is a desirable frequency 
range, located in the low gigahertz (1-10 GHz), where the electromagnetic signals losses 
due to tissue attenuation might not be too intense, thus opening the way for small 
antennas to communicate with, and power IMDs. At this point, several relevant 
questions may arise: “is it possible to wirelessly power an implantable device with a 
small antenna”, “how severe are the losses due to issues attenuation”, “how small can 
an antenna be and still remain of practical use and what are their specific characteristics 
and limitations?” To answer these questions, we will review some important notions 
regarding the interaction between electromagnetic waves and lossy media, and discuss 
a power budget model, in an attempt to assess how much power would be possible to 
provide to a small implanted antenna. Then, we will study the fundamental limitations 
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imposed by antenna size reduction, showing how it affects the antenna efficiency and 
gain. Finally, since implantable antennas have to be miniaturized, several 
miniaturization techniques and the important aspects of making an antenna small will 
be described. Emphasis is given on how to change the antenna geometry in order to 
keep its frequency low by means of antenna geometry modification, use of dielectric 
loading, full use of the volume circumscribing the antenna, and optimization of the 
current distribution within the antenna structure. 
 
3.1 Electromagnetic Field Interaction with Materials  
In this section we will discuss the interaction of electromagnetic fields with the 
materials they propagate in. Since the interactions of E and B with materials are 
complex and hard to explain, three parameters are defined to account for these 
interactions: Permittivity 𝜀 (Farad/m), or dielectric constant, describes how much 
induced polarization and partial alignment of permanent electric dipoles occurs for a 
given applied E. Relative permittivity (unitless), defined as 𝜀𝑟 = 𝜀/𝜀0, is the permittivity 
relative to that of free space; Conductivity σ (Siemens/m), describes how much 
conduction current density a given applied E will produce; Permeability µ (Henry/m), 
defines how much partial alignment of permanent magnetic dipoles occurs for a given 
applied B. Relative permeability (unitless) is defined as 𝜇𝑟 = 𝜇/𝜇0. For most 
applications, the human body is so weakly magnetic that we can assume 𝜇 = 𝜇0, so 
𝜇𝑟 = 1. Table 3.1 presents the dielectric properties of some human body tissues. Skin, 
fat and muscle are frequently mentioned in the literature since many implantable 
medical devices are designed for either subcutaneous or deep tissue implantation. It is 
noticed that increasing frequency affects the tissues dielectric properties by increasing 
their conductivity and decreasing their permittivity.  
 
Table 3.1 Dielectric properties of body tissues: muscle, skin and fat [139]. 
Frequency 1 GHz 10 GHz 100 GHz 
Tissue σ 𝜺 𝐭𝐚𝐧𝜹 σ 𝜺 𝐭𝐚𝐧𝜹 σ 𝜺 𝐭𝐚𝐧𝜹 
Muscle 0.972 54.81 0.320 10.626 42.764 0.446 62.499 8.630 1.301 
Skin 0.899 40.93 0.395 8.0138 31.29 0.460 39.433 5.598 1.266 
Fat 0.053 5.447 0.176 0.5852 4.602 0.228 3.562 2.889 0.221 
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EM waves change their propagation behavior due to the interaction with 
biological material. Its energy is retained in the lossy material (lossy if σ ≠ 0), causing 
loss to the propagating wave and the material to heat up. Introducing Ampere’s law: 
 
 
∇ × 𝐵 = µ(𝐽 + 𝜀
𝜕𝐸
𝜕𝑡
) 
 
(1) 
using Maxwell’s magnetic field strength or magnetic field intensity definition  
𝐻 = 𝐵/𝜇 , where H (A/m) (with B and H being often referred to simply as magnetic 
fields): 
 
 ∇ × 𝐻 = (𝐽𝑐 + 𝑗𝜔𝜀𝐸)  (2) 
 
where 𝐽𝑐 is the conduction current. 𝐽𝑐 = 𝜎𝑐𝐸, and 𝜎𝑐 represents the mobility of free 
electrons in the material. The permittivity is a complex number: 
 
 𝜀 = 𝜀𝑟𝑒𝑎𝑙 − 𝑗𝜀𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 (3) 
 ∇ × 𝐻 = 𝜎𝑐𝐸 + 𝑗𝜔(𝜀𝑟𝑒𝑎𝑙 − 𝑗𝜀𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦)𝐸   (4) 
 
Combining the conduction term with the imaginary part of the permittivity (since both 
are in phase with the electric field) gives:  
 
 
 
∇ × 𝐻 = (𝜎𝑐 + 𝜔𝜀𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦)𝐸 + 𝑗𝜔𝜀𝑟𝑒𝑎𝑙𝐸 
(5) 
The term (𝜎𝑐 + 𝜔𝜀𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦)𝐸 represents the current that produces a loss (heat) and it 
is defined as effective conductivity 𝜎𝑒𝑓𝑓, or as also seen in the literature simply 𝜎: 
 
 
 
𝜎𝑒𝑓𝑓 = 𝜎𝑐 + 𝜔𝜀𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 
(6) 
The term 𝑗𝜔𝜀𝑟𝑒𝑎𝑙 in (5) is the displacement current, which represents the lossless 
portion of the oscillation. The higher the frequency ω, the larger the displacement 
current as well as the loss due to 𝜔𝜀𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 in (6). 
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3.1.1 Electromagnetic Wave Interaction with Biological Material 
Often, antenna problems consider the imaginary part of (3) to be negligible. 
However, when EM waves propagate in biological media this imaginary part accounts 
for an important part of the interaction. This complex permittivity is then defined as:  
 
 𝜀𝑐𝑜𝑚𝑝𝑙𝑒𝑥 = 𝜀
′ − 𝑗𝜀′′ = 𝜀0(𝜀𝑟
′ − 𝜀𝑟
′′) (7) 
 
Here 𝜀′represents the lossless component of the material properties and 𝜺′′ 
represents the combined components of the material interaction that leads to loss. In 
the same way, complex permeability can be defined as: 
 
 𝜇𝑐𝑜𝑚𝑝𝑙𝑒𝑥 = 𝜇
′ − 𝑗𝜇′′ = 𝜇0(𝜇𝑟
′ − 𝑗𝜇𝑟
′′) (8) 
 
where 𝜇0 is the permeability of free space and the quantity (𝜇𝑟
′ − 𝑗𝜇𝑟
′′) is the complex 
relative permeability. 𝜇′ describes the lossless interaction between the magnetic field 
and the material magnetic dipoles, while 𝜇′′ represents any loss associated with aligning 
the magnetic dipoles.  
For most applications, the human body is so weakly magnetic that we can 
assume 𝜇𝑐𝑜𝑚𝑝𝑙𝑒𝑥 = 0, so 𝜇𝑟
′ = 1, 𝜇𝑟
′′ = 0. The ratio between ε′ and ε′′ describes the 
degree of loss in the material. This ratio is called the loss tangent (𝑡𝑎𝑛 𝛿 = 𝜀′′/𝜀′ =
𝜎𝑒𝑓𝑓/𝜔𝜀
′) or the dissipation factor.  Data banks [139] of materials’ electrical properties 
usually provide the loss tangent (𝑡𝑎𝑛 𝛿) and relative permittivity 𝜀𝑟
′ . When the loss 
tangent is large, the material is very lossy. 
 
3.1.2 Electromagnetic Wave Attenuation in Biological Material 
In a lossy material, the effective conduction current creates a loss in the material 
as the wave propagates, and the magnitude of the wave decreases exponentially as 
[140]: 
 
 𝐸(𝑧, 𝑡) = 𝐸0𝑒
−𝛼𝑧𝑠𝑖𝑛(𝜔𝑡 − 𝛽𝑧 − 𝜙) (9) 
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The attenuation constant 𝛼 (Neper/m) shows how fast the wave is attenuated as it 
propagates. The field inside the body can be expressed as a function of the propagation 
distance by 𝐸0𝑒
−𝛼𝑧 where 𝐸0 is the incident field at the body surface, and 𝑧 is the 
propagation distance.  
 
 
 
Figure 3.1 Propagating wave 𝐸(𝑧, 𝑡). The peak magnitude of this wave in a lossy material decreases exponentially as 
a function of distance traveled. Its envelope is given by 𝑒−𝛼𝑧 [140]. 
 
The attenuation constant 𝛼 is then dependent of frequency and the material’s 
permittivity and conductivity, and can be calculated as [140]: 
 
 
Most biological tissues are nonmagnetic, so 𝜇′ = 𝜇0. It is clear now that increasing the 
effective conductivity or the frequency, increases the losses and therefore the 
attenuation. The attenuation can be used to determine a parameter called skin depth, 
which is given by 1/α (m), which is the distance the wave propagates before its 
magnitude is dropped to 1/e = 0.37, or about 1/3 of its original value (Figure 3.1).  
 
𝛼 = 𝜔 {
𝜇′𝜀′
2
[√1 + (
𝜎𝑒𝑓𝑓
𝜔𝜀′
)
2
− 1]}
1
2
(𝑁𝑝/𝑚) 
 
(10) 
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3.1.3 Specific Absorption Rate 
When radio frequency waves reach and propagate in biological tissues, their 
power is absorbed and dissipated within the lossy media. This power dissipation causes 
the tissues to heat up, which could be hazardous. The specific absorption rate (SAR) has 
consequently been used as a measure of the rate at which energy is absorbed by the 
biological tissues when exposed to a radio frequency wave, in order to estimate the 
tissue heating and potential harmful effects. The SAR is defined as the power absorbed 
per mass of tissue, or watt per kilogram (W/Kg), and it is averaged either over the whole 
human body or over a small sample volume (1 g or 10 g of body tissue).  
The SAR is dominated by the induced electric field (E) inside the homogenous 
tissue and can be defined as: 
 
𝑆𝐴𝑅 =
𝜎|𝐸𝑟𝑚𝑠|
2
𝜌
 (11) 
  
where σ is the conductivity and ρ is the density of the medium under the 
electromagnetic exposure [141]. The spatial average SAR at any point can be 
determined by averaging the values enclosed in a region R, with a given mass M in a 
volume V as: 
 
 
𝑆𝐴𝑅 =
1
𝑀(𝑉)
∫
𝜎𝑒
′(𝑟)|𝐸(𝑟)|2
2
𝑑𝑣 (12) 
 
where 
𝜎𝑒
′|𝐸|2
2
 is the average power density absorbed at the point of observation 𝑟. 
According to the IEEE standard for maximum human exposure to RF electromagnetic 
fields, the tissue SAR should not exceed 1.6 W/kg (1 g averaging) and 2 W/Kg for 
(10 g averaging) for safe operation [141]. For RF frequencies below 10 MHz, the induced 
electric field should also be considered to avoid unwanted stimulation of the tissue 
[142]. There are also some safety standards that limit the maximum permissible 
exposure (MPE) in terms of incident electric and magnetic fields to the human tissue 
[143]. However, MPE is only considered when the distance between the power source 
and the tissue is bigger than 20 cm, which is not the case for inductive power 
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transmission to IMDs based on near-field coupling but can be important in far field 
applications [141]. 
So far we have discussed the EM wave interaction with materials and lossy media, 
the first of the two special conditions that constrain the performance of implanted 
antennas. In the next section our discussion we will focus on electrically small antennas, 
and the limitations imposed by antenna size reduction on its performance. 
 
 
 
 
3.2  Electrically Small Antennas  
An electrically small antenna (ESA) is conventionally deﬁned as one having 
dimensions much smaller than the wavelength. Wheeler, one of the pioneers of the 
study of ESAs, defined it as an antenna whose maximum dimension can be 
circumscribed by a radian sphere with a radius of one radian in length [144]. Later, Best 
[60] provided a more reasonable definition for an ESA, as an antenna having the length 
in terms of ka ≤ 0.5  where k is the wave number k = 2π/λ  and a is the radius of sphere 
circumscribing the antenna (Figure 3.2). 
 
 
Figure 3.2 Electrically small dipole antenna within the radian sphere of radius a. 
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3.2.1 Performance of Electrically Small Antennas 
Small antennas have speciﬁc characteristics that differ from those whose size is 
comparable to the wavelength. First of all, the input impedance of a small electric 
(magnetic) dipole antenna is highly capacitive (inductive), while its resistive component 
is very small, making it difficult to perfectly match to a 50 Ω load. Its radiation pattern 
tends to look like the classical vertical dipole one, omnidirectional in the azimuth plane 
with a ﬁgure-of-eight pattern in the elevation plane, or a donut shape Figure 3.3. This 
feature can be particularly interesting as omnidirectionality can be advantageous for 
applications that need to be independent of orientation, like in wireless sensor 
networks, implantable medical devices, and power transfer applications   
 
Figure 3.3 Simulated radiation pattern of a 3.2 mm monopole antenna in free space resonating at 35 GHz. 
 
3.2.2 Input Impedance 
Generally the input impedance of small antennas is typically characterized by 
low resistance and high reactance. As the antenna size becomes smaller the radiation 
resistance decreases causing antenna reactance to dominate. Usually, a matching 
circuit is used to improve the small antenna efficiency. Nevertheless, that imposes the 
challenge of designing an equally small matching circuit. Therefore, it is important to 
design a self-resonant antenna with high radiation resistance that can be connected to 
a standard transmission line. This issue will be addressed further ahead in this chapter 
in the “Antenna Miniaturization” section, as well as in the next chapter, where antenna 
design strategies will be implemented to promote a higher input resistance. 
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3.2.3 Bandwidth and Antenna Quality factor 
The antenna bandwidth (BW) can be seen as the range of frequencies within 
which the antenna performance, with respect to some characteristic, conforms to a 
speciﬁed standard [98]. It can be deﬁned as the difference between the highest 
frequency 𝑓ℎ𝑖𝑔ℎ and the lowest frequency 𝑓𝑙𝑜𝑤, both specified at a certain value of a 
parameter such as VSWR, or Return Loss, thus determining the frequency range over 
which the antenna can properly radiate or receive energy. The antenna quality factor Q, 
relates the antenna ability to store energy with its ability to dissipate it as follows: 
 
 
𝑄 =
𝜔𝑃𝑟𝑒𝑎𝑐𝑡
𝑃𝑟𝑎𝑑
 (13) 
   
where 𝑃𝑟𝑒𝑎𝑐𝑡 is the reactive power stored in the antenna and 𝑃𝑟𝑎𝑑 is the radiated power 
from the antenna. A low Q antenna shows increased losses through radiation i.e. higher 
radiation resistance with correspondingly higher radiation efficiency. On the other 
hand, a high Q antenna shows increased stored energy and hence less losses through 
radiation. Another important characteristic of Q is that it is (approximately) inversely 
proportional to antenna bandwidth. A common approximation between Q and the 3 dB 
fractional bandwidth is: 
 
𝑄 ≈
1
𝐵𝑊
 (𝑓𝑜𝑟 𝑄 ≫ 1) (14) 
   
Frequently, small antennas have high Q, meaning that there are not good 
radiators. They also have a small bandwidth, which might not be favorable for 
communication, but relatively unimportant for wireless power transfer purposes. 
However, the attainable Q value or bandwidth are limited by the antenna size. These 
fundamental limitations have been discussed by many researchers, ﬁrst by Wheeler, 
Chu, and others. Wheeler (1947) first noticed that antenna size reduction imposes a 
fundamental limitation on bandwidth [144]. He showed that it directly limits the 
“radiation power factor” - a ratio of the radiated power to the reactive power - implying 
that radiation efﬁciency is constrained by the antenna size. He indicated that the 
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“radiation power factor” equals the reciprocal of Q, thus antenna size reduction limits Q 
and the relative bandwidth. Wheeler derived Q for the most limiting case as: 
 
 
𝑄 =
1
(𝑘𝑎)3
 (15) 
 
where Q is inversely proportional to the antenna size, thus the antenna size imposes a 
fundamental limitation for the attainable bandwidth. In 1948, Chu also studied the 
limitations of small antennas [145], and derived the minimum possible antenna Q. 
Many other authors such as Collin and Rothschild [146], Hansen [147], McLean [148], 
Thal [149], Hansen and Collin [150], Gustafsson [151], Yaghjian and Stuart [152] 
improved upon the previously given theory thus obtaining new expressions of Q.  
S. Best also discussed the quality factor of electrically small antennas. Based on 
the concept that the Q of a resonant electrically small dipole antenna can be minimized 
with an antenna geometry that fully utilizes the spherical volume of the radian sphere 
surrounding the antenna. Best demonstrated a self-resonant four-arm folded spherical 
dipole that may have been the lowest Q ever realized with a practical antenna [153]. So 
far, Chu’s limit has been assumed the lowest achievable Q for a given antenna size, 
which in turn, is impossible to achieve in practice. The design of small antennas is an 
exercise of ﬁnding new techniques to approach Chu’s limitations as closely as possible, 
where the main issues would be the study of the antenna shape, the current 
distributions and their relations with radiation efﬁciency [154]. 
 
3.2.4 Gain and Directivity 
The antenna gain, G, shows how efficiently an antenna transforms the available 
power at its input terminal into radiated power. It is deﬁned as the ratio of the radiation 
intensity in a given direction, to the radiation intensity that would be obtained if the 
power accepted by the antenna was radiated isotropically. Although the gain of the 
antenna is closely related to its directivity, a measure that accounts for the antenna 
efficiency as well as its directional capabilities. The radiation intensity corresponding to 
the isotropically radiated power is equal to the power accepted (input) by the antenna 
divided by 4π. It can be expressed as [98]: 
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𝐺 = 4𝜋
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 (𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑)𝑝𝑜𝑤𝑒𝑟
=
4𝜋𝑈(𝜃, 𝜙)
𝑃𝑖𝑛
 (16) 
 
The antenna directivity is deﬁned as the ratio of the radiation intensity in a given 
direction to the radiation intensity averaged over all directions. The directivity of a 
nonisotropic source is equal to the ratio of its radiation intensity in a given direction 
over that of an isotropic source and it is given by [98]: 
 
 
𝐷 = 4𝜋
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝑡𝑜𝑡𝑎𝑙 𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟
=
4𝜋𝑈(𝜃, 𝜙)
𝑃𝑟𝑎𝑑
       (17) 
   
The maximum obtainable gain was first presented by Chu [145]. A more recent analysis 
by Geyi [155] who also discussed physical limitations of small antennas and derived the 
normal gain (Figure 3.4A) and the ratio of maximized G/Q (Figure 3.4B) for 
omnidirectional and directional antennas, given by equation (18) and equation (19) 
respectively.  
 
 
𝑚𝑎𝑥
𝐺
𝑄
≈
6(𝑘𝑎)3
2(𝑘𝑎)2 + 1
       (18) 
   
 
𝑚𝑎𝑥
𝐺
𝑄
≈
3(𝑘𝑎)3
2(𝑘𝑎)2 + 1
       (19) 
 
Figure 3.4 A) Geyi’s normal gain and maximum obtainable gain for directional and omnidirectional antennas. 
B) Geyi’s maximum obtainable G/Q for directional and omnidirectional antennas [155]. 
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3.2.5 Radiation Efficiency 
The radiation efficiency, 𝜂, is the ratio of the power radiated by the antenna to 
the power delivered to its input terminals, and it is often seen in the antenna gain 
expression [154]: 
 
 𝐺 =  𝜂(1 − |Γ|2)𝐷      (20) 
 
where 𝐺 is the realized gain. This expression includes the mismatches between the 
source and the matching network, which we will assume to be lossless. Apart from the 
radiation, the losses in the antenna are given by 𝑅𝑙𝑜𝑠𝑠, and the radiation efficiency can 
be given by:  
 
 
𝜂 =
𝑅𝑟𝑎𝑑
𝑅𝑟𝑎𝑑 + 𝑅𝑙𝑜𝑠𝑠
=
𝑅𝑟𝑎𝑑
𝑅𝑎
 (21) 
 
where 𝑅𝑎 is the total antenna input impedance, 𝑅𝑎 = 𝑅𝑟𝑎𝑑 + 𝑅𝑙𝑜𝑠𝑠. It was mentioned 
previously that as the antenna size decreases, the 𝑅𝑟𝑎𝑑 also decreases, leaving the 
resistance 𝑅𝑙𝑜𝑠𝑠 to dominate the efficiency expression while the antenna efficiency 
drops. This was well explained by Harrington [74] showing that the antenna losses are 
very severe for smaller 𝑘𝑎 values.  
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Figure 3.5 Antenna efficiency for different values of ka [156]. 
 
As shown in Figure 3.5, the antenna ka value can be seen as the most important 
factor in determining its efficiency. Figure 3.6 [156] shows three parameters such as the 
antenna gain, quality factor and efficiency at the fundamental mode, with variable ka, 
clearly stating that all antenna parameters improve as the antenna dimension increases.  
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Figure 3.6 Antenna gain, quality factor and efficiency for the fundamental mode for a variable ka [156]. 
 
We started this chapter mentioning that the performance of implanted 
miniaturized antennas is conditioned by the nature of the lossy media they’re implanted 
in, and the fundamental limitations inherent to their small dimensions. Now that these 
mechanisms have been explained, we will proceed to the characterization of a power 
budget model, in an attempt to assess how much power would be possible to provide 
to a small antenna implanted in human muscle tissue.  
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3.3 Power Budget 
A radiofrequency (RF) signal emitted by an RF source will experience some sort 
of attenuation from the moment it leaves the source until it reaches the receiving 
antenna.  
 
 
 
Figure 3.7 Electromagnetic wave loss path between a radiofrequency source and a tissue implanted antenna. 
 
In the case of implantable devices, the EM signal will undergo several loss 
stages. The first stage occurs in the free space loss path (FSLP) between an external 
radiofrequency source and the human body (usually air), as seen in Figure 3.7. Here, the 
attenuation is low when compared to that in the human body. A second loss 
mechanism occurs at the air-tissue interface, where the incident EM wave will suffer 
some interface reflections (IR), due to the impedance mismatch between two 
propagation environments [78][157]. This is followed by another loss stage, the tissue 
losses (TL), in path between the air-tissue interface and the implanted antenna. As IMDs 
can be transdermal or implanted several centimeters deep inside human tissues, the 
losses will depend on the implantation depth.  
In a wireless powering application, the total power received by the implanted 
device, or power budget, can be modeled accordingly to Figure 3.7. The total power 
received by the implanted device (Pr), depends on several parameters such as: the 
initial transmitted power by a radiofrequency source (Pt), the power reduction that 
occurs in the free space path loss (FSPL); the power reflected/transmitted at the 
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interface air-tissue (IR); the power reduction due to tissue losses (TL); and the power 
the antenna is able to accept in regards to the available power, or antenna efficiency 𝜂. 
Thus, the power received by an implanted antenna can be given as: 
 
  𝑃𝑟 = 𝑃𝑡 × 𝐹𝑆𝑃𝐿 × 𝐼𝑅 × 𝑇𝐿 × 𝜂 (22) 
 
3.3.1 Free Space Path Loss  
The free-space path loss (FSPL) expresses the loss of an EM wave travelling 
through free space (usually air) without reflection or refraction events. The FSPL is 
proportional to the square of the distance between the transmitter and receiver and to 
the square of the signal frequency: 
 
 
𝜆 is the signal wavelength, 𝑓 the signal frequency, 𝑑 the distance from the transmitter 
and 𝑐 is the speed of light in vacuum. Due to the finite size of a receiving antenna’s 
aperture only a portion of the transmitted energy can be picked up a certain distance 
away. Given a certain receive antenna size, the ratio of received power to transmitted 
power as a function of distance, assuming the far-field approximation, is given by: 
 
𝑃𝑅𝑥
𝑃𝑇𝑥
= 
𝐴𝑒𝑓𝑓
4𝜋𝑑2
  (24) 
 
where Aeff is the effective receive antenna aperture area and d is the distance between 
the antennas. For an isotropic antenna, this area is λ2/4π, but for an implanted antenna, 
the determination of this wavelength value (λ) is not trivial as it is dependent on the 
dielectric properties of the surrounding biological tissues. Incorporating the gains of the 
receiving and transmitting antennas results in Friis transmission equation: 
 
𝐹𝑆𝑃𝐿 =  (
4𝜋𝑑
𝜆
)
2
= (
4𝜋𝑑𝑓
𝑐
)
2
, 𝐹𝑆𝑃𝐿(𝑑𝐵) = 10𝑙𝑜𝑔10 (
4𝜋𝑑𝑓
𝑐
)
2
 (23) 
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𝑃𝑅𝑥
𝑃𝑇𝑥
= 𝐺𝑇𝑥𝐺𝑅𝑥 (
𝜆𝑒𝑓𝑓
4𝜋𝑑2
)
2
 
(25) 
 
 
where λeff is the effective wavelength of the wave that is seen at the receive antenna 
and equals the wavelength in free space divided by the square root of the effective 
permittivity (Ɛr). After travelling through the free space path, and experiencing the 
resulting attenuation, the electromagnetic wave will face the air-tissue interface where 
part of it will be reflected and another part will be transmitted to the tissues.  
 
3.3.2 Electromagnetic Waves at the Interface 
Here we will discuss the EM wave reflection at an interface between two 
different dielectric layers. The E-field boundary conditions dictate that the sum of 
incident and reflection waves on one side of the interface is equal to the transmission 
wave on the other side of the interface: 
 
 
 
𝐸𝑖⃗⃗  ⃗ +  𝐸𝑟⃗⃗ ⃗⃗ =  𝐸𝑡⃗⃗⃗⃗  
 
(26) 
 
For a propagating plane wave and an air-skin interface, the ratios of 
transmission-to-incident power (Pt/i) and reflection-to-incident power (Pr/i) are given by 
[158]:  
 
 
𝑃𝑟/𝑖 =
|𝑆1(𝑎𝑖𝑟)
𝑟|
|𝑆1(𝑎𝑖𝑟)
𝑖|
= 𝑅𝑎𝑖𝑟−𝑠𝑘𝑖𝑛
2 
 
(27) 
 
   
 
𝑃𝑡/𝑖 =
|𝑆2(𝑠𝑘𝑖𝑛)
𝑡|
|𝑆1(𝑎𝑖𝑟)
𝑖|
=
𝑇𝑎𝑖𝑟−𝑠𝑘𝑖𝑛
2𝜂1(𝑎𝑖𝑟)
𝜂2(𝑠𝑘𝑖𝑛)
 
 
(28) 
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Figure 3.8 Ratios of transmitted and reflected power at an air-skin interface. 
 
The ratios of transmission-to-incident power (Pt/i) and reflection-to-incident 
power (Pr/i) considering an air-skin interface, from 0.5 – 10 GHz (Figure 3.8), reveal that 
from 0.5 – 7 GHz, more than half of the incident power is reflected back. At 7 GHz, half 
of the incident power (-3 dB) is reflected, and the other half is transmitted to the tissue. 
Above 7 GHz, more than half of the incident power is transmitted to the tissue. It is 
worth mentioning that, due to the multi-material nature of the human body, several EM 
wave reflection stages are expected to occur in the EM wave path towards the 
implanted antenna, thus the power of EM signal will be further reduced if several 
tissues are to be considered. 
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3.3.3 Losses in Biological Tissues 
Following the FSPL and the air-tissue interface, the transmitted EM wave faces 
another lossy path as it travels through the biological tissue. The human body can be 
seen as an irregular dielectric, with frequency dependent  conductivity and permittivity. 
It is partially conductive and composed of materials with different dielectric constants, 
thicknesses and characteristic impedances, thus it is not the ideal media for 
radiofrequency signal propagation [159]. The tissues will attenuate the electromagnetic 
waves, reflecting and absorbing them. The degree of the absorption effects varies with 
the tissue characteristics, which is largely based on water and ionic content, and the 
frequency of the incoming signal [160]. When the signal’s wavelength is significantly 
larger than the cross-section of the human body, the electromagnetic waves can easily 
pass through it with very little effect on them. These wavelengths occur at frequencies 
below 4 MHz. Above this frequency, the absorption of RF energy increases and the 
human body may be considered to be essentially dense until roughly 1 GHz. From this 
point on, the dielectric properties of the tissues begin to introduce a scattering effect 
on the electromagnetic waves [95]. Therefore, in establishing a reliable wireless link 
between an external RF source and an implanted device, a good characterization of the 
biological media electrical properties is necessary. To this end, two important databases 
[139][161] that provide the dielectric properties of many human tissues and liquids 
(between 10 Hz and 100 GHz), were extremely useful throughout this work as well as in 
other tissue path loss models described in the literature [162-163]. The attenuation 
(power loss in dB) in a given tissue, and at a given implantation depth z, can be then 
determined using: 
 
 𝑃𝐿𝑑𝑏 = 20𝐿𝑜𝑔10(𝑒
𝛼𝑧) (29) 
 
Where z represents the penetration depth (in meters). The dielectric properties of body 
tissues such as skin, fat, muscle were computed into eq. (10) and the α values were 
extracted. These calculations were performed considering an antenna implanted 
2.5 millimeter deep (implantation depth, z = 0.0025 m).  
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Figure 3.9 Power attenuation due to tissue loss in dry skin, fat and muscle for an implantation depth of 2.5 mm. 
 
As seen in Figure 3.9, fat induces the lowest attenuation due to its low water 
content. In opposition, muscle tissue has the highest water content, and consequently 
induces an intense attenuation of EM waves. As seen in Table 3.1, muscle tissue has the 
highest effective conductivity and consequently the highest loss and induced 
attenuation. The effect of frequency on increasing loss is clear, as with increasing 
frequency, tissue attenuation is more intense, as well as the power loss. 
So far we have seen how to calculate the FSLP, the IR and the TL. As seen in 
equation (22), antenna efficiency 𝜂 is the last variable in determining the expected 
amount of power received by an implanted antenna. In the next section we will study 
the efficiency of small antenna implanted in muscle tissue. 
 
3.3.4 Antenna Efficiency 
In this section we will determine the last term of equation (22), the antenna 
efficiency. We consider a muscle tissue implanted micro antenna, whose maximum 
dimension is confined in a 500 µm diameter sphere, and calculate the efficiency for 
different ka values, where k is the wave number (k = 2π/λ) and a is the radius of 
radiansphere circumscribing the antenna, which we will keep constant at 250 µm. We 
will calculate the antenna efficiency for the 0.5 – 10 GHz frequency window accordingly 
to Harrington [74]: 
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𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
100
1 + 𝐷
 (30) 
 
D is the dissipation factor, which can be calculated for different ka values as follows: 
 
 
𝐷(𝛽𝑟) =
𝑅𝑒(𝜂𝑐)
2𝜂
[|𝑈𝑛(𝛽𝑟)|
2 − 2] (31) 
 
 
𝜂𝑐 = (1 + 𝑗)√
𝜔𝜇
2𝜎
    (32) 
 
This antenna efficiency calculation method was derived by Harrington for 
antennas in free space. However, here we will use it as an approximation to derive the 
efficiency of an antenna implanted in dispersive media (human muscle tissue). 
Therefore, we will consider the surrounding medium as an isotropic, homogeneous 
dielectric with negligible magnetic properties, with impedance given by: 
 
𝜂𝑚𝑢𝑠𝑐𝑙𝑒 = √
𝜇
𝜀
= √
𝜇.𝜇0
𝜀.𝜀0
= 
𝑍0
√𝜀𝑟
 ≈  
377
√𝜀𝑟
 𝛺 , 𝜂0 = 120𝜋 (33) 
 
It is worth mentioning that 𝛽 =
2𝜋
𝜆
= 𝑘. Therefore, the 𝑈𝑛(𝛽𝑟) values are extracted 
from [74], assuming (n=1), are in fact 𝑈𝑛(𝑘𝑎) since 𝑟 is the radius of the sphere. 
Figure 3.10 [156] is an updated version of the original graph shown in Harrington’s 
paper, and 𝛽𝑟 =   𝑘𝑎. The efficiency results were calculated for gold, nickel and copper 
antennas at different ka values as seen in Table 3.2.  
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Figure 3.10 Functions |𝑈𝑛|
2 [156]. 
 
 
  copper gold nickel 
Ka Freq (GHz Eff. (%) Eff. (dB) Eff. (%) Eff. (dB) Eff. (%) Eff. (dB) 
0.019 0.5 0.05 -32.8 0.04 -33.6 0.02 -35.8 
0.038 1 0.06 -32.0 0.05 -32.7 0.03 -35.0 
0.076 2 0.05 -32.5 0.04 -33.3 0.027 -35.5 
0.113 3 0.05 -32.9 0.04 -33.6 0.025 -35.9 
0.149 4 0.07 -31.4 0.06 -32.1 0.04 -34.4 
0.184 5 0.16 -27.8 0.13 -28.6 0.08 -30.8 
0.218 6 0.30 -25.2 0.25 -25.9 0.15 -28.2 
0.250 7 0.94 -20.2 0.79 -21.0 0.47 -23.2 
0.282 8 1.07 -19.7 0.90 -20.4 0.53 -22.6 
0.313 9 1.28 -18.9 1.07 -19.6 0.64 -21.9 
0.342 10 1.64 -17.8 1.38 -18.5 0.83 -20.8 
 
As predicted by the theory [74], and as seen in Table 3.2, for a fixed a 
(a = 250 µm), the efficiency of a muscle tissue implanted antenna is very poor at low 
frequencies, while higher efficiencies are only possibly by exploiting higher operating 
frequencies (and higher ka). 
Table 3.2 Efficiency of a muscle tissue implanted antenna confined in 500 µm diameter sphere for varying ka.  
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3.3.5 Tissue Losses and Antenna Efficiency 
Figure 3.11 presents the antenna efficiency and tissues losses of a micro 
antenna (for different antenna materials) embedded in muscle tissue. The 0.5 – 10 GHz 
frequency window can be divided in three sections, the first from 0.5 – 4 GHz, 
characterized by relatively low antenna efficiency and tissue loss; a second from 4 –
 7 GHz, characterized by increasing efficiency and somewhat stable tissue losses; and a 
final section from 7 – 10 GHz, where efficiency is relatively higher but so are the tissue 
losses. The results evidence a tradeoff between antenna efficiency and tissue 
attenuation which may indicate a preferable frequency range to communicate with, or 
to wirelessly power a micro device. This analysis suggests that the operating frequency 
of a small antenna whose maximum dimension fits inside a 500 µm sphere, could lay on 
the range of 0.5 – 7 GHz. It is then clear that for higher frequencies, tissue attenuation 
dominates over the antenna efficiency, and in opposition, for lower frequencies, losses 
will be dominated by antenna efficiency.  
 
Figure 3.11 Efficiency and Tissue Losses of different material antennas implanted in muscle tissue, 2.5 mm deep. 
(TL - Tissue Loss, Eff. – Efficiency). 
 
Others [73][138], despite the fact of having analyzed the optimal frequency for 
wireless power transfer using RF coils and inductive coupling, also conclude that the 
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optimum operating frequencies for implantable medical devices lies in the low gigahertz 
range. Nevertheless, the obtained results still represent a good approximation to those 
of other publications. 
It is important to bear in mind that the analysis done in this section considered 
human muscle tissue as the operating medium. As we will see in the next section, 
loading an antenna in a high permittivity material (such as muscle tissue) can be used as 
an antenna miniaturization technique, and as a way of improving the antenna 
efficiency.  As the power requirements of tiny implantable medical devices are 
inherently small, we believe that equally small and low efficiency antennas, could be 
used in a wireless power transfer application at a relatively low implantation depth.  
In the next section some important and widely used antenna miniaturization 
techniques are presented. These are methods that were used during the micro antenna 
project (chapter 4), in order to achieve a miniaturized antenna that fits in 
500 x 500 x 500 µm3 volume.  
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3.4 Antenna Miniaturization 
“The art of antenna miniaturization is an art of compromise: one has to design 
the smallest possible antenna that is still suitable for a given application with regard to 
its radiation characteristics. Or in other words, one looks for the best compromise 
among volume, bandwidth and efficiency. And the best compromise is usually obtained 
when most of the allotted volume participates in the radiation” [75]. 
The aim of miniaturization is to create an antenna with dimensions much smaller 
than the wavelength while keeping its key characteristics the same as, or as close as, 
before its downsizing. In this section we will address some well-known methods to 
achieve electrically small antennas such as the creation of periodic structures, the 
modification of the antenna geometry, the full use of volume/space circumscribing the 
antenna, and the arrangement of current distributions. 
 
3.4.1 Periodic Structures 
Periodic structures can be modified arrangements from the same linear wire 
precursor of length 𝐿0 to form helixes, meander lines, zigzags and fractal structures 
(Figure 3.12). These structures are advantageous for small antenna design since they 
are low cost and of relatively simple fabrication. They easily achieve self-resonance thus 
helping to mitigate antenna matching issues which are typical of small antennas. 
 
 
 
Figure 3.12 Examples of periodic structures [154]. A) Helix. B) Meander. C) Zig-zag. D) Fractal.  
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Figure 3.13 shows a wave travelling through a wire antenna of length 𝐿0 and the 
same wave travelling a meandered wire antenna of length 𝐿. The wave travelling time 
𝑡𝑝 on the antenna of length 𝐿, is longer than 𝑡0, on the wire of length 𝐿0. Thus, the 
velocity 𝑣 = 𝐿0/𝑡𝑝 is smaller than  𝑐 = 𝐿0/𝑡0 , implying that the wave propagates more 
slowly on the antenna with the meander line [154].  
 
 
 
Figure 3.13 Linear wire of length 𝐿0 and meander line of length 𝐿 [154]. 
 
The meander line periodic structure is of particular interest in this thesis since it 
was chosen as one of the miniaturization techniques for the antenna design project. 
Rashed-Mohassel [164] present a good miniaturization example, where a straight 
standand dipole, within a 2π × 6 cm sphere and resonating at 1.73 GHz, was then 
modified into a meander line. The new meandered structure, within the same sphere, 
operates at 543 MHz showing a 70% size reduction. The same study shows that a 
meandered triangular shaping avoids current cancellation, which might happen 
between two close parallel sections that in turn could lead to lower resistance values. 
Also noteworthy is the fact that slight modifications to the meander line structure can 
lead do input impedance change. The triangular shape of Figure 3.14B has an input 
impedance Rin = 120 Ω, while the square meander line of Figure 3.14A shows 
Rin = 26.5 Ω. Sinusoidal meandering of Figure 3.14C allows higher miniaturization, with a 
resonant frequency of 325 MHz (81% size reduction) but Rin = 5.36 Ω. 
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B 
 
 
 
Figure 3.14 Meander lines structures A) Rectangular. B) Triangular. C) Sinusoidal [164]. 
 
Table 3.3 Parameters of different meander line structures [164]. 
 
 
3.4.2 Modiﬁcation of the Antenna Geometry 
Geometry modification is probably the most extensively used technique in 
antenna miniaturization [75][154][165], creating electrically longer antennas in small 
areas and volumes. This technique is also widely used for multiband operation where 
multiple resonant frequencies can be accomplished, corresponding to the different 
lengths of the current path. Common examples are slot or notch formation (also called 
lumped loading) [166], bending [60] or folding [48][67], short circuiting and grounding, 
and the aforementioned periodic structures. Slots consist of openings within a metal 
patch thus blocking the current’s natural path, while notches are cuts made at the edge 
of a patches producing the same effect. Both make a wave travel through a longer path 
as seen in Figure 3.15, increasing the antenna electrical size and reducing its resonant 
frequency [75][154].  
 
Antenna 𝒇𝒐(MHz) 𝑹𝒓𝒂𝒅(𝛀) Q ka 
A 543 26.52 59.8 0.499 
B 548 120 59 0.498 
C 325 5.36 74.6 0.296 
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Figure 3.15 Current path extension on an antenna structure by introducing a slot and notch [154]. 
 
Bending, folding, short circuiting and the use of ground planes are simple and 
effective antenna miniaturization techniques to make an antenna smaller, and yet 
keeping its resonant features. In Figure 3.16, a classic example of a monopole bent into 
an inverted-L-antenna, which, upon short-circuiting to a ground plane turns into an 
inverted-F-antenna is shown. 
 
 
Figure 3.16 Antenna miniaturization by bending and short circuiting to the ground plane. A) Monopole before 
bending. B) Inverted-L-antenna after bending. C) Inverted-F-antenna after short circuiting to ground plane [75].  
 
This technique can be explained with the example of the monopole compared to 
the dipole. To be resonant the dipole must have roughly a half wavelength length. This 
dimension can be halved by replacing one dipole arm by a ground plane which will in 
turn create a virtual dipole arm according to image theory. This principle can be easily 
extended to planar antenna designs, where the planar inverted-F-antenna (PIFA) design 
is a classic example widely used in telecommunications and implantable medical 
devices [48][167][168]. 
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3.4.3 Material Loading of Antenna Structure  
Loading the antenna structure with dielectric or magnetic materials is a good 
strategy to achieve antenna tuning of self-resonance. The operating wavelength 
becomes shorter in a high permittivity media and therefore the antenna becomes 
electrically smaller. Steven Best [169] shows an example of antenna miniaturization by 
loading a dipole antenna with high permittivity materials.  Typically, the addition of 
lossy dielectric materials around the antenna would add to the total losses thus 
reducing the overall radiation efficiency. Nevertheless, Best argues that at many 
frequencies, such dielectric loading increases the antenna’s radiation resistance and 
thus improving the antenna efficiency. 
 
3.4.4 Full Use of the Volume Circumscribing the Antenna  
The full use of the spherical volume circumscribing the antenna to improve its 
parameters has been discussed as a technique to improve the performance of 
miniaturized antennas [51][54][55]. In practice, this is an idealized concept since the 
antenna never fully occupies the whole volume of a sphere in which it is contained.  
Nevertheless, efforts can be made to use most of the available space with the antenna 
design. Meander lines, fractal and helical geometries are examples that effectively 
provide some occupied volume optimization. Many authors [51][60][75][98][145][147] 
describe how the antenna performance can be improved if it efficiently utilizes the 
volume of the sphere of radius a, circumscribing the antenna. A well-known example is 
Best’s [51] four arm helical antenna design, which efficiently occupies the spherical 
volume as seen in Figure 3.17. More recent antennas designs have shown interesting 
geometries that make an extremely good use of the available volume  unveiling  three 
dimensional electrically small antennas with enhanced bandwidth and efficiency as seen 
in conformal printing of metallic inks in the form of meander lines [54] and  direct 
patterning  of metallic patterns in the shape of a spherical helix [55] onto hemispherical 
surfaces.  
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A B 
 
Figure 3.17 Examples the full use of the volume circumscribing the antenna. A) Four arm helical antenna [51]. 
B) meander line antenna [54]. C) spherical helix antenna [55]. 
 
3.4.5 Arrangement of Current Distribution Uniformly 
This is a similar concept to the full use of space/volume but here the goal is to 
arrange the current distribution uniformly within the antenna structure. Nevertheless, 
uniform distribution can never be realized by a small antenna [165]. On a small dipole, 
the current distribution tends to zero toward the end of the element and with 
maximum value at its center presenting a triangular shape (Figure 3.18). This current 
distribution is expected to be triangular with a maximum at the feed point and zero at 
the end. 
   
  
 
 
   
Figure 3.18 Current distribution on a small dipole. A) Triangular shape. B) Uniform (ideal case) [154].  
 
With a small dipole antenna, the current distribution can be more uniformly distributed 
by means of capacitive loading. With a capacitive plate at the end of the dipole the 
antenna gain can be maximized [154]. 
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4 Micro Antenna Project 
As seen in previous chapters, the massification of small wireless implantable 
medical devices is still limited by some technological challenges, such as the 
miniaturization of their integrated antennas and the development of powering schemes 
that do not rely on stored energy. These issues become even more noticeable when the 
dimensions of a device are set to a sub-millimeter cubic volume (500 x 500 x 500 µm3). 
Within such volume, an integrated antenna will be obviously small, and operate at high 
frequencies which is undesirable for implantable applications due to severe 
electromagnetic wave attenuation in the human tissues. However, with proper antenna 
design strategies and miniaturization techniques, allied to the dielectric loading effect 
caused by the high permittivity nature of body tissues, it is possible to implement a 
small antenna which operates in the desired  low gigahertz range (1-10 GHz). 
The design of micro antennas can be greatly improved by using software tools, 
which can quickly predict the antenna’s radiation characteristics and input parameters, 
ultimately freeing us from the slow trial-and-error methods. Usually, simulation tools 
are capable to create and test virtually any antenna geometry and its surrounding 
environment. Parametric analysis can be quickly conducted, and the designed 
structures can be studied with great level of detail, thus unveiling the antenna’s 
capabilities and limitations. During the design phase, one must consider that after 
fabrication, the antennas have to be characterized using microwave equipment. So, 
issues such as the antenna feeding method and integration schemes must be assessed 
during this stage. It is of extreme importance for the antenna geometry to be designed 
in compatibility with the fabrication methods, materials and available equipment.  
The utilized simulation software was Ansys HFSS, which proved to be a 
fundamental tool as it provided fast 3D model design, quick structural modification and 
fine tuning of the antenna characteristics over a multitude of different media, which 
was crucial for the understanding of the antenna performance. Throughout this chapter 
we will look at the micro antenna design and project, discuss how the results gathered 
from several design iterations, and how these were critical for the process of shaping 
and achieving the final antenna design. 
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4.1 Antenna Analysis Techniques 
Due to their reduced size it is naturally hard to experimentally analyze the 
performance and characteristics of sub-mm antennas. Performance constrains are felt 
when the antenna size is very small comparatively to the radiated wavelength, when 
the radiation resistance becomes too small to be accurately determined, or when the 
antenna size is very small that a precise measurement becomes extremely difficult to 
make. To overcome these challenges, we can now rely on electromagnetic (EM) 
simulators to rigorously design and test virtually every antenna geometry and 
implement reliable surrounding environments. Highly specialized computer-aided 
antenna design and analysis has replaced the lengthy process of iterative experimental 
modification of the past as EM simulators are now virtually ubiquitous. 
Recently we have witnessed the miniaturization of small hand held, wearable 
and implanted devices which hold miniaturized built-in antennas. These antennas are 
frequently surrounded by materials such as casings, human tissues, and water that 
directly affect antenna performance, which is expected to remain unchanged or even 
improved. This is when EM simulators play a key role as they can offer remarkable 
physically reliable interpretations of antennas and their properties [78][156]. 
 
4.2 The Finite Element Method  
HFFS is a high performance full wave electromagnetic field simulator for 
arbitrary 3D volumetric passive modeling that integrates simulation, visualization, solid 
modeling, and parameter automation. It employs the finite element method (FEM) 
dividing the full problem space into thousands of smaller regions and representing the 
field in each sub-region (element) with a local function. The geometric model is divided 
into a large number of tetrahedra where a single tetrahedron is represented by a four-
sided pyramid, and the pool of tetrahedra is referred to as FEM mesh.  
Due to the size of the antenna proposed in this project, it is of good practice to 
use an EM simulator. Here, the user must bear in mind that valid solutions derive from 
carefully designed models, accurate geometries, correct materials and well-defined 
boundary conditions.  
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4.3 Micro Antenna Design 
The inspiration to design an antenna which can be integrated on a 
500 x 500 x 500 µm3 volume arose from the works of Gracias et al., which stress the 
need of wireless control and powering for ultra-small tools, such as micro containers 
suitable for drug delivery applications, among others [170]. The challenge was to apply 
the same techniques used to fabricate the micro structures shown in Figure 4.1 in order 
to create a small radiating structure, which could fit in, or become a micro device itself. 
 
 
Figure 4.1 Gracias Lab micro structures fabricated by combining photolithography with self-folding methods 
[21][27] A) Self-folded containers fabricated with a wide range of sizes all the way from 2 mm to 50 µm. B) 10 µm 
cube. C) 50 µm square pyramid. D - G) Polymeric containers (500 µm – 1 mm). H) 1 mm sized container with a single 
square 500 µm pore and with a single microbead encapsulated within. I) Self-folded 500 µm sized dodecahedron 
with a single 250 µm sized pentagonal pore on each face. 
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Two strategies aiming for the development of a micro antenna that fits on a 
500 x 500 x 500 µm3 volume were initially adopted. One involved the patterning of a 
metallic strip on a planar cruciform SU-8 template that, upon folding, turns into a cube, 
while the metallic strip structure becomes a square loop antenna inside of it (Figure 
4.2A). The second approach makes use of a planar cruciform metallic template that, 
upon folding, becomes a cube. In this case, the structure of the metallic cube acts itself 
as the antenna (Figure 4.2B). 
 
 
 
Figure 4.2 A) HFSS model of An unfolded (left) polymeric template composed of six 500 x 500 µm2 panels with a 
patterned metallic strip, and a folded (right) square loop antenna inside an SU-8 cube. B) HFSS model of a unfolded 
(left) planar metallic template composed of six 500 x 500 µm2 panels and a folded (right) cube antenna. 
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4.3.1 Square Loop Antenna 
A square loop antenna geometry was the first attempt of having a micro 
antenna within the 500 x 500 x 500 µm3 volume. The design proposed in Figure 4.2A 
was simulated and analyzed with Ansoft HFSS to study the behavior of the antenna and 
polymeric cube within biological media. The model is composed of layer representing 
the biological tissues, and the 500 x 500 x 500 µm3 polymeric cube with patterned 
metal strips, which upon folding becomes a square loop, as seen in Figure 4.3. Gold was 
chosen as the antenna material. The square loop antenna has a total length of 1.98 mm 
and a 20 x 20 µm2 cross-section. The SU-8 cube is 20 µm thick, with a Ɛr = 4, electric, 
and tan δ = 0.08. A 20 x 20 µm2 lumped port, placed in the middle of the loop structure, 
determines the system’s excitation. The biological tissue layer was programmed with 
the dielectric properties (relative permittivity, electrical conductivity and loss tangent) 
of dry human skin, muscle and fat, with values taken from [139]. 
 
 
Figure 4.3 HFSS model of a square loop antenna within a 500 × 500 × 500 µm3 polymeric cube, in the geometrical 
center of a 5 × 5 × 5 mm3 layer of biological tissue (the biological tissue layer is not shown accordingly to its real 
size). 
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Simulations were performed in order to study the performance of the micro 
antennas when surrounded by biological tissue, and to determine what operating 
frequency should be adopted as the working frequency. Hence, for two tissue layers 
with different volumes (5 x 5 x 5 mm3 and 10 x 10 x 10 mm3), simulations were 
performed from 1 to 10 GHz. In order to select the work frequency band and the tissue 
volume to be used, HFSS’s radiation efficiency was the selected parameter to help us 
determine these two variables. Since HFSS’s radiation efficiency parameter provides not 
only the antenna efficiency, but also information about the losses that occur in the 
surrounding tissues, it can be used to discriminate the antenna performance when 
embedded in different tissues (dielectrics), as well as what frequencies induce higher 
losses. The radiation efficiency is therefore a very good indicator to decide if the 
antenna performance, within certain conditions, is acceptable or not.  
Simulations revealed that higher radiation efficiencies were obtained in the 
frequency band of 1-10 GHz, when the tissue box volume was set to 5 x 5 x 5 mm3. 
Figure 4.4 shows that for both skin and muscle tissue, the minimum attenuation values 
lie around 5 GHz, while for fat tissue, those values lie around 10 GHz. Compared with 
skin and muscle, fat tissue has a lower water content and therefore different dielectric 
properties. Nevertheless, the attenuation in fat tissue at 5 GHz is relatively closer to that 
of skin and muscle tissues, and thus an operating frequency of 5 GHz was assumed as 
the work frequency for future simulations. This frequency lies in the optimal frequency 
range discussed in chapter three. 
 
 
Figure 4.4 The square loop antenna simulated radiation efficiencies at 1 GHz, 5 GHz and 10 GHz, when embedded in 
a 5 x 5 x 5 mm3 volume of human muscle, skin and fat. 
-26,2
-17
-19,25
-26,8
-17,8 -18,6
-30,7
-21,25
-17,7
-35
-30
-25
-20
-15
-10
-5
0
R
ad
ia
ti
o
n
 E
ff
iic
ie
n
cy
 (
d
B
)
Muscle Skin Fat
1 GHz 10 GHz5 GHz
MICRO ANTENNA PROJECT  CHAPTER 4 
   
73 
 
4.3.2 Cubic Antenna  
The cubic antenna approach was inspired in the self-folded metallic cubes of 
Figure 4.1A. However, instead of patterning a metallic strip in the middle of a polymeric 
cube, the self-folded metallic cube was used as the resonant element. As the cubic 
geometry is larger than the square loop, is it expected for the antenna electrical size to 
be increased and, therefore, the resonant frequency to decrease. Also, this geometry 
improves the antenna’s occupied volume within the radian sphere surrounding the 
500 x 500 x 500 µm3 cube. In the cubic antenna case, the 500 x 500 µm2 panels have a 
10 x 50 µm2 cross-section and the lumped port length was increased to 400 µm. Aside 
the antenna geometry, all simulation model parameters were kept the same as in the 
square loop antenna example.  
 
4.3.3 Square Loop and Cubic Antennas: Performance Analysis 
As seen in chapter three, small antennas are expected to operate at high 
frequencies when in free space (air). Simulation results show that the square loop and 
cubic antennas have operating frequencies of approximately 0.7 THz (700 GHz) and 
0.25 THz (250 GHz), respectively (Figure 4.5).  
 
Figure 4.5 Simulated S11 of the square loop and cubic antennas in air. 
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However, when embedded in a biological tissue (e.g. muscle tissue) and at the 
specified work frequency of 5 GHz, (muscle tissue: Ɛr = 49.5, σ = 4.04 at 5 GHz), the 
performance of both antennas was not satisfactory. Despite the dielectric loading 
induced by the high permittivity nature of human muscle, both the square loop and the 
cubic antenna fail to operate at low frequencies. Simulations show that at 5 GHz, both 
antennas have extremely low resistance (around 1 Ω) and relatively high reactance 
(Figure 4.6). Therefore, in order to operate within the biological tissue, the antennas 
have to be impedance matched by changing the feeding source resistance and 
capacitance. 
 
 
 
Figure 4.6 Square loop and cubic antennas simulated impedance and S11 embedded into a layer of muscle tissue. 
 
Another perspective to the analysis can be given by the antenna surface current 
distribution, and by the radiation pattern (Figure 4.7). On both antennas, it is noticed 
that the surface currents do not stream along most of the antenna’s structure. In the 
square loop antenna, the current distribution is confined within just one antenna small 
section, on the vicinity of the feeding port (Figure 4.7A). The cubic antenna, despite 
having a geometry that enables alternative current paths, it does not seem to 
significantly improve the current distribution, since it circulates only through the four 
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500 µm sections adjacent to feeding port, two in the X axis and two in the Z axis 
(Figure 4.7B). 
 
 
Figure 4.7 A) Current distribution on the surface of the square loop antenna at 5 GHz. B) Current distribution on the 
surface of the cubic antenna at 5 GHz. C) 3D simulated radiation pattern of the square loop antenna. D) 3D 
simulated radiation pattern of the cubic antenna. 
 
Both antennas have very low gains (-45 dB for the square loop and -47 dB for the 
cubic antenna). Their radiation patterns (Figure 4.7C and D) evidence some 
directionality, which seems to be related to the poor current distribution over the 
antenna structures (Figure 4.7A and B). In both cases, the preferable direction of 
radiation is restricted to just a fraction of the antenna’s structure, in the vicinities of 
their respective feeding ports. Hence, this performance analysis suggests that a new 
design strategy is needed for higher gain, better current distribution, a more isotopic 
radiation pattern, and to match the antenna’s input impedance.  
  
MICRO ANTENNA PROJECT  CHAPTER 4 
   
76 
 
4.4 U-Shaped Antenna  
The performance analysis of the square loop and cubic antennas helped to 
identify some critical design issues that needed be solved. Here, instead of a cruciform 
shape that folds into a cube, the antenna’s is a simple 2D three-panel template that, 
upon folding, turns into a U-shaped 3D structure (Figure 4.8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 A) Unfolded 2D antenna structure. B) U-shaped 3D antenna after folding. 
 
 
Figure 4.9 A) U-shaped antenna on a 500 × 500 × 500 µm3 hypothetical device. B) U-shaped antenna top panel and 
features’ dimensions. 
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This geometry is based on several antenna miniaturization techniques such as 
structure folding/bending, and the creation of periodic structures such as meander lines 
(Figure 4.9). This approach induces electrical currents to travel along one single and 
longer path, from one end of the antenna to the other, avoiding surface current 
concentration in one specific area. It was noticed that this strategy alone helps 
increasing the antenna input resistance. Nevertheless, in order to achieve a 50 Ω input 
impedance, further design optimization was required. As mentioned in chapter three, 
meander line structures were introduced as an antenna miniaturization technique.  
Simulations were carried out to study the U-shaped antenna performance in air, 
and dispersive media such as muscle tissue (Figure 4.3). Figure 4.10 shows the S11 of the 
U-shaped antenna (in air) comparatively to previous designs. As the electrically smaller 
antenna, the square loop antenna has naturally the highest operating frequency, 
around 0.7 THz.  The cubic geometry, represents an electrically longer antenna when 
compared to the square loop, and thus it operates at a lower frequency, around 
0.25 THz. Finally, the U-shaped antenna geometry resonates around 0.08 THz (80 GHz), 
indicating that successful antenna miniaturization was achieved within the 
500 x 500 x 500 µm3 volume.   
 
 
Figure 4.10 Square loop, cubic and U-shaped antennas simulated S11 in air. 
 
0,70 THz; 
-8,60 dB
0,25 THz; 
-5,85 dB
0,08 THz; 
-24.5 dB
-25
-20
-15
-10
-5
0
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
S 1
1
(d
B
)
Frequency (THz)
Square Loop Cubic U-Shaped
MICRO ANTENNA PROJECT  CHAPTER 4 
   
78 
 
When embedded in biological media, the U-shaped antenna operating 
frequency shifts to lower frequencies due to the effect of dielectric loading with high 
permittivity material. HFSS simulations show that, when embedded in muscle tissue, the 
U-shaped antenna operates around 3.3 GHz (Figure 4.11).  
 
Figure 4.11 Simulated S11 of a U-Shaped antenna embedded in muscle tissue. 
 
Figure 4.12 shows the result of the antenna geometry optimization of the 
current distribution and the 3D radiation pattern. As it can be seen in Figure 4.12A, the 
current distribution is no longer confined to a small antenna section, in fact, it now 
flows over most of the antenna structure. The U-shaped has a gain of -36 dB with a 
donut-shaped radiation pattern as seen in Figure 4.12B.  
 
Figure 4.12 U-shaped antenna: A) Current distribution. B) Simulated radiation pattern. 
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4.5 Antenna Geometry Modification 
The simulations suggest that regular structures, such as meander lines help to 
reduce the antenna resonance frequency and to adjust the input impedance. Next we 
show how some antenna parameters can be fine-tuned by means of small structural 
modifications. 
 
4.5.1 Meander Line Number of Turns 
Simulations show that increasing the meander line number of turns 
(Figure 4.13A - Figure 4.13 D), can affect the antenna operating frequency, decreasing it 
(Figure 4.13E). Essentially this modification makes the antenna electrically longer. It also 
affects the antenna input impedance (Figure 4.13F), making it more resistive, bringing it 
closer to 50 Ω as the number of turns increases.  
 
Figure 4.13 Variation of the meander line number of turns. U-shaped antenna with A) 2-turns. B) 4-turns. C) 7-turns 
D) 8-turns meander line. E) S-parameter. F) input impedance. 
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4.5.2 Meander Line Length with Constant Number of Turns 
We simulated four antenna designs, where the only geometry of the top panel 
was modified (the antenna side panels geometry was kept constant with an 8 turn 
meander line). The top panel number of meander line turns was kept constant (8 turns), 
and the longitudinal length was varied (Figure 4.14A to Figure 4.14D). Figure 4.14B 
represents the control geometry whose dimensions as shown in Figure 4.9B. In 
comparison, Figure 4.14A shows a 20% increment in meander line length, while 
Figure 4.14C and D present decrements of 25% and 50%, respectively. The results show 
that, and similarly to those of Figure 4.13, the meander line length has a strong impact 
on both the antenna operating frequency and input impedance. This is basically another 
method of making an antenna electrically longer. As seen in Figure 4.14E, increasing the 
meander line length decreases the antenna operating frequency while increasing the 
resistive impedance (Figure 4.14F). The antennas operating frequencies range from 
4.26 GHz to 2.26 GHz, with input impedances varying from 40 Ω to exactly 50 Ω, for the 
antenna design of Figure 4.13A. 
 
Figure 4.14 Variation of the meander line length under a fixed number of turns. U-shaped antenna top panel with 
A) 120% B) 100% C) 50% D) 25% meander line lengths. E) S-parameter. F) input impedance. 
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4.5.3 Meander Line Pitch 
The effect of varying the meander line pitch (the distance between two 
consecutive meander lines arms) is presented in Figure 4.15. The top views of different 
meander line pitches (Figure 4.15A – Figure 4.15C), denominated as low, medium and 
high are presented. Again, the antenna side panels are kept with 8-turn meander lines, 
whose dimension are shown in Figure 4.9.The simulations show that the pitch variation 
has a small effect over the antenna resonant frequency. The low pitch antenna design 
exhibits a resonant frequency of 4.5 GHz, while the design with the highest pitch works 
at 4.26 GHz. In the same manner, varying the meander line pitch produces small, but 
more noticeable changes in the input impedance (Figure 4.15E), where a higher pitch 
promotes the increase of the antenna input impedance. 
 
 
Figure 4.15 Variation of the meander line pitch. U-shaped antenna top panel with A) low B) medium C) high 
meander line pitch. D) S-parameter. E) Input impedance. 
  
In summary, the results show that the modification of the meander line by 
manipulating the number of turns (Figure  4.13), the length of a line with a fixed 
number of turns (Figure 4.14), the meander line pitch (Figure 4.15), promotes the 
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general lengthening of the current paths, increasing the antenna electrical size and 
decreasing the resonant frequency. Overall, the three presented techniques effectively 
promote resonant frequency reduction and input impedance control.  
 
4.5.4 Antenna Side Panel Geometry 
After realizing that the antenna top panel has an important influence over the 
antenna’s performance, we will now study the effect of manipulating the geometry of 
the U-shaped antenna side panel. Figure 4.16 presents five antenna designs with 
different side panel geometries. In all of them, the antenna's top panel geometry is kept 
unchanged, and its dimensions are shown in Figure 4.9. 
 
Figure 4.16 Variation of the antenna side panel geometry. U-shaped antennas with different side panel geometries. 
A) Side panel with meander line. B) Side panel without meander line. C) Filled side panel. D) Side panels without 
both side columns. E) Anti-Symmetric side panels without one column. F) S-parameter. G) Input impedance. 
 
The antenna design of Figure 4.16A represents the control geometry, with an S11 
of -23 db at 3.4 GHz. To better understand the effect of the side panel’s shape, we 
started by simulating an antenna without it (Figure 4.16B). It presents an S11 of -25 dB at 
3.5 GHz, with a slight frequency shift (0.24 GHz) when compared to the control 
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geometry. This frequency shift can be explained by the fact that the side panel’s 
meander line promotes an alternative current path, making the antenna slightly 
electrically larger, thus operating at a higher frequency. On the other hand, the design 
of Figure 4.16C has two solid, completely filled side panels. In this case the operating 
frequency didn’t significantly alter when compared to the control. However, the S11 
value increased to -20.9 dB, since square surfaces offer less resistance to the current 
flow, and hence decreasing the antenna input impedance, which in turn decreases the 
antenna S11. Other antenna design, composed of three equal panels (Figure 4.16D), was 
also simulated. The two side panel’s columns were cut, originating a structure where 
the current path is made exclusively through the meander line. Looking at the input 
impedance graph (Figure 4.16G) it can be seen that the antenna is extremely resistive 
throughout the analyzed spectra, since the current flows through three consecutive 
meandered paths, which greatly increase resistivity. In order to reduce the excessive 
resistivity of the previous design, we simulated an antenna whose side panels have a 
meander line structure and one column on the side as seen in Figure 4.16E. With this 
design the antenna operates at 3.76 GHz with an impedance of 49 Ω, showing that it is 
possible to control the antenna impedance, reaching a nearly 50 Ω value by 
manipulating its geometry. 
 
4.5.5 Antenna Side Panel Separation Distance 
In this section, the separation distance between the two antenna side panels is 
studied. The control geometry (Figure 4.17A) has a panel separation distance of 470 µm 
while the separation distance of the antenna design of Figure 4.17B is 940 µm. The 
number of the meander line turns was kept constant to 8 turns. The simulation shows 
that doubling the distance between panels does not prove to be advantageous in terms 
of decreasing the antenna operating frequency since it does work at 3.76 GHz, however 
it does improve the S11 by 2.5 dB. Nonetheless, this strategy can be useful for antenna 
impedance adjustment to a desired value. 
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Figure 4.17 Increasing the antenna side panel distance. U-shaped antenna with A) normal meander line. B) Doubled 
meander line. C) S-parameter. D) Input impedance. 
 
The meander line’s design parameters (number of turns, separation, with and 
length) were optimized for this specific case. A total of 8 turns were used to attain 
resonance with an input impedance of nearly 50 Ω (with an almost null reactive 
component), with no impedance matching. It is worth mentioning that the U-shaped 
antenna design considers the antenna feeding to be performed between the two 
outermost panels, which after folding, distance 470 µm from each other. Also, the 
antenna features, such as thickness and the meander line width, were defined 
accordingly to the capabilities and precision of the available fabrication methods.  
The promising results given by HFSS simulations show that a U-shaped antenna 
may be a viable candidate for a 500 x 500 x 500 µm3 device. In the next chapter we will 
discuss the antenna fabrication by means of photolithography combined with self-
folding method. 
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5 Antenna Fabrication 
Several methods for the fabrication of three dimensional antennas have been 
reported in the literature. These methods include manual folding [60-61], 3D printing of 
metallic inks [54], metallic inks on paper [64], direct transfer patterning of metallic 
patterns [55], self-folding [66-67], manual assembly [62], self-assembly [65], and wafer 
stacking [68-69]. Other complex three dimensional architectures suitable for other 
electromagnetic applications can be fabricated by 3D printing [63], lithography [170], 
biotemplating [59], transfer printing [70], and compressive buckling [71]. However, 
most of these methods are time consuming, not suitable for antenna mass production, 
strongly dependent on a few selected material types, do not allow electronic 
component integration, have relatively low feature resolution and control over the 
antenna geometry, and are unfitting for the fabrication of sub-millimeter 3D structures.  
In this chapter it is described an alternative method to fabricate sub-millimeter 
3D micro antennas, based on patterned metallic 2D templates that self-fold due to the 
minimization of surface energy of liquefied hinges. Here it is utilized a methodology that 
combines conventional planar photolithography techniques and self-folding, wherein 
physical forces derived from surface tension, are used to fold planar structures into 3D 
ones. By doing so, it is then possible to produce precisely patterned static and 
reconfigurable sub-millimeter antennas that are challenging to manufacture, and able 
to overcome the aforementioned limitations of other methods. In this fabrication 
process, photolithography allows the easy patterning of virtually every desired planar 
configuration with reproducible feature precision, and the flexibility to easily and 
precisely change the antenna geometry and size. Self-folding allows the fabricated 
planar patterns to fold into the final 3D structure in a highly parallel and scalable 
manner. This combined method offers ease of mass production, extreme control of size 
and shape, material versatility, and the ability to integrate electronic modules, as well as 
the flexibility to easily and precisely change the antenna geometry and size. 
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5.1 Surface Tension-Driven Self-Folding 
One of the main challenges of fabricating 3D submillimeter-scale objects lies in 
the inherent two dimensionality of fabrication techniques which are capable of 
patterning top and bottom faces but are incapable of patterning side ones. A few 
techniques such as stereolithography, laser micromachining, and ion beam milling can 
overcome this challenge but are too expensive and time-consuming [170]. However, a 
strategy called self-assembly (which is reminiscent of the ancient Japanese art of paper 
folding, called origami), based on folding of a 2D template to form a 3D structure, has 
recently been suggested for the fabrication of submillimeter-scale objects. Several 
strategies for self-assembly based on folding have been explored, including the use of 
electroactive polymers, magnetic forces, stress-induced forces, and surface forces. 
Among these, the use of surface forces is particularly attractive since it does not require 
active actuation. The highlight of this self-assembly process is that it retains all of the 
advantages of conventional microfabrication while enabling 3D fabrication in a highly 
parallel and cost-effective manner.  
 
5.1.1 The Self-Folding Technique 
The process of self-folding is outlined in Figure 5.1, which captures the essential 
function of the folding hinges that play a critical role in forming a folded structure. Here, 
two adjacent square faces are held together by a single folding hinge. One face is 
assumed to be fixed, and the other is allowed to rotate freely around the solder hinge. 
In the 2D template, the folding hinge solder is in the form of a T-shaped right prism. On 
reflow, the solder liquefies and forms a rounded contour (Figure 5.1C). Because of the 
high interfacial tension of the liquid solder there is a strong driving force to minimize 
the exposed interfacial area between the molten solder and the surrounding fluidic 
liquid. This driving force causes the solder to ball up, which results in the rotation of 
adjacent faces. The fold angle is primarily controlled by the solder volume. Different 
solder volumes generated underfolded (Figure 5.1D), correctly folded (Figure 5.1E), or 
overfolded structures (Figure 5.1F). Experimentally, the solder volume that determines 
the equilibrium folding angle is manipulated by controlling the height of the 
electrodeposited solder for a given hinge geometry.  
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Figure 5.1 The self-assembly process. A) Top view of a 2D template used to self-assemble a cubic structure. B) Side 
view of a patterned solder hinge. C) Side view of a solder hinge at the onset of reflow of the folding hinge. D) Under 
folded panels. E) Right-angle folded panels. F) Overfolded panels [170]. 
 
5.1.2 Fabrication Summary 
A schematic illustration of a cubic structure self-folding process is shown in 
Figure 5.2. The micro antennas are fabricated on silicon wafer substrates, where a 
polymeric sacrificial layer and conductive chromium and copper thin films layers are 
deposited (Figure 5.A). The antenna body is made of electroplated nickel (Figure 5.2B) 
and folding hinges are made out of solder (Figure 5.2C). The panels and hinge materials 
should be chosen so that the hinge material has a lower melting point than the panels, 
and hence the panels remain rigid while the hinges are melted. The conductive and 
sacrificial layers are etched and dissolved to lift-off the antennas from the substrate 
(Figure 5.2D). Folding occurs (Figure 5.2E) when the released structures are heated 
above the melting point of the hinge material using a high-boiling point solvent, and 
finally fold into 3D structures. 
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Figure 5.2 Relevant fabrication steps of the U-shaped antenna. 
 
5.2 Fabrication Workflow 
In this section we will present the 3D micro antenna fabrication process in detail 
discussing the utilized materials, techniques and equipment providing an 
understandable protocol (please see Appendix 1 for more details), allowing others to 
precisely reproduce the fabricated antennas. 
 
5.2.1 Mask Design Rules 
For the fabrication process, two photomasks are required, one for rigid 2D 
antenna panels and the other for the hinges. The masks are designed using two 
dimensional vector graphics software programs such as AutoCAD (Figure 5.3). The 
successful fabrication of the micro antennas starts with careful application of mask 
design rules such as the positioning and size of the antenna panels and solder hinges. In 
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the antenna panels mask, the individual 500 x 500 µm2 panels that compose the 
antenna should be drawn as nets, and the adjacent panels should be spaced by a gap of 
width that is approximately 0.1L (L = 500 µm). In the folding hinges mask, the 
rectangular structures should have lengths of 0.8L and widths of 0.2L. Figure 5.3 shows 
an antenna prototype with multiple nickel patterns and hinges.  
 
 
Figure 5.3 Autocad design of the micro antenna structures and solder hinges for the photomask used in the 
lithography process. A) Antenna panels. B) Folding hinges. C) Antenna panels and hinges. D) Printed photomask. 
 
5.2.2 Substrate, Sacrificial, and Conductive Layers Preparation 
In this fabrication process, flat substrates such as silicon wafers are used. Also, 
for good adhesion purpose, it is important to clean and dry the substrates. It is generally 
sufficient to clean the substrates with methanol, acetone and isopropyl alcohol (IPA), 
dry them with nitrogen (N2), and then heat them with a hot plate or in an oven at 
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150 °C for 5-10 min. In order to release the 2D templates from the substrate after 
patterning, sacrificial layers are required. A variety of films composed of metals (e.g., 
copper), dielectrics (e.g., alumina), or polymers (e.g., PMMA, PVA) can be used. In this 
work, a 5 µm thick layer of PMMA will be removed subsequently with an adequate 
solvent. Hence, we spin coat a 5 μm thick layer of 950 PMMA A11 at 1000 rpm on the 
silicon wafers. Then we wait for 3 min to let the PMMA even out on the wafer and 
afterward bake it at 180 °C for 60 sec. 
The silicon substrate must have a proper conductive layer, as this layer will be 
important during the electroplating process, which will allow the patterning of metallic 
templates and hinges. When choosing a conductive film, important considerations are 
the ease of deposition and dissolution of the material, and the etch selectivity. For the 
micro antenna fabrication, a 15 nm-thick chromium layer was used as an adhesion 
promoter and 100 nm of copper as a conductive layer. Both films were deposited onto 
the silicon wafer by thermal evaporation, first the chromium and then the copper using 
the setup shown in Figure 5.4. 
 
 
Figure 5.4 Thermal evaporation setup composed of an evaporation chamber, the vacuum, voltage, and layer 
thickness controls and monitors, and the necessary vacuum pumps. 
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5.2.3 Patterning the Panels 
The panels are patterned (Figure 5.5) using typical photolithography consisting 
on coating a substrate with a photoresist layer (SPR220), baking, exposing, and 
developing. Photoresists such as SPR, AZ or SC series can be used. Depending on the 
choice of photoresist, thickness and therefore spin speed, exposure time and 
development time will need to be adjusted accordingly. After photolithography, 
depending on the size of metallic 2D templates, thick panels can be formed by 
electroplating. Faraday's laws of electrodeposition and the efficiency of the bath should 
be used to calculate the electroplating current based on the total exposed surface area 
of the panels. Typical current densities for nickel (Ni) and solder (Pb-Sn) plating are 
between 1-10 mA/cm2 and 20-50 mA/cm2, respectively. In this work, the antenna body 
was made out of 10-12 µm electroplated nickel.  
 
 
Figure 5.5 Silicon wafer with electroplated nickel panels. 
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5.2.4 Patterning the Hinges 
In order to pattern the hinges (Figure 5.6), a second round of photolithography 
needs to be done using the hinge mask. For surface tension driven assembly, the panels 
and hinges materials should be chosen so that the hinge material has a lower melting 
point than the panels and hence the panels remain rigid while the hinges are melted. 
Assembly occurs when the templates are heated above the melting point of the hinge 
material. For example, in case of metallic particles with Ni panels, we electrodeposit 
Pb-Sn solder on the hinges which melts at ~200 °C, and prompts the folding. The 
process works best when the hinge material is restrained within the hinge region during 
reflow, i.e., it does not spread all over the panels and does not completely dewet from 
the panel. This holding can be achieved by the selection of materials with appropriate 
wetting characteristics and viscosity. After many attempts, the optimum thickness for 
the hinge pads was found to be of 15 µm. 
 
 
Figure 5.6 Electroplating setup. A) A commercial solder plating solution with the anode (left) and cathode (right) 
ready for solder electroplating. B) The submerged solder anode and quarter silicon wafer. C) A quarter silicon wafer 
with electroplated hinges ready for photoresist strip. 
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5.2.5 Releasing the Templates from the Substrate and Folding 
To release the patterned 2D templates, the sacrificial layer needs to be dissolved 
by appropriate etchants for chromium and copper (Figure 5.7). The released 2D 
templates are transferred to a folding solution in a petri dish where they are heated 
above the hinge material melting point. Upon heating, the hinges get liquefied and the 
precursors assemble into the appropriately shaped particles. A small amount of Indalloy 
flux 5RMA was added to the solvent to clean and dissolve any oxide layers on the solder 
and thereby ensure good solder reflow. For the fabrication of cubic shaped antennas, 
the locking hinges grant the precise folding. In the case of U-shaped antennas, this step 
has to be carefully timed to avoid the structure over-folding, since locking hinges are 
not used. 
 
 
Figure 5.7 Pieces of silicon wafers without chrome and copper layers, with unfolded antennas attached to it ready 
for the releasing step. 
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5.3 Results 
Figure 5.8 presents the fabricated 3D antenna structures from planar faces 
(Figure 5.8A) that self-fold with temperature to create the final U-shape of the micro 
antennas with 90° angles (Figure 5.8B). Scanning electron microscopy pictures were also 
taken (Figure 5.9). 
 
 
Figure 5.8 The fabricated micro antennas: A) Released structures before folding. B) After folding. Silica beads added 
into the medium to emphasize the 3D structure of the antennas. Scale bars: 500 µm. 
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Figure 5.9 Scanning electron microscopy images of folded micro antennas. A) Underfolded and overfolded 
antennas. B) Perfectly folded antenna with 90º angles. C) Under folded antenna. D) Antenna’s meander line. 
 
As the figures above show, the U-shaped micro antennas were successfully 
fabricated. Though, these results were only achieved after a great deal of optimization 
at any given fabrication step. The most critical step was antenna panel folding since not 
all structures will fold perfectly, with a 90° angle. Figure 5.9A displays under folded and 
over folded antennas. The cause for this may be related with the disposition of the 
structures on the folding dish placed on the hotplate. It was noticed that different 
hotplate areas have different temperatures and hence some structures fold faster or 
slower than others. Another possible cause for this can be related with the hinge 
electroplating, as it was often noticed thought microscope inspection that structures on 
the edge of the wafer could have less electroplated material. Since higher folding yields 
varied from batch to batch, it can be said that the folding time is somehow governed by 
the hinges electroplating. Hence, at each batch, control experiments should be 
performed in order to evaluate the folding time. 
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6 Development of a Characterization Setup & Experimental 
Results 
  Throughout the antenna project stage, simulation results provided valuable 
insights of how the antenna would perform in air and when surrounded by dispersive 
media such muscle tissue. Nevertheless, despite of HFSS’s high level of trust, the 
implemented models need to be validated via experimental measurements. Hence, 
after the antenna project and fabrication, it is necessary to characterize the obtained 
structures. Some of the most commonly measured antenna features are 
the S-parameters, the radiation pattern and gain. In this chapter, we will describe the 
several experiments conducted in the effort of measuring the antenna S-parameters 
and radiation pattern. It is important to take into consideration that the fabricated 
antennas are extremely small, and that fact has important consequences over their 
handling and the engineering of the characterization setups. Also, as seen in chapter 
three, the antenna gain is expected to be very low which makes it challenging to 
measure. 
For the characterization, the proposed micro antenna has to be connected to a 
carrier structure, serving as an interface between the antenna and a vector network 
analyzer (VNA). Different approaches were investigated and tools such as SMA and end 
launch connectors, transmission lines, and RF probes were utilized. All these 
approaches demonstrated to be somewhat useful for S-parameter measurement, 
however most of them are not suitable for the antenna radiation pattern measurement, 
as we will see further ahead. Once found the best interface structure, we proceeded to 
the measurement of the antenna radiation pattern. Finally, a wireless power transfer 
practical application is presented. Here, a horn antenna is used to wirelessly transfer 
power to the fabricated micro antenna immersed in dispersive media, where the micro 
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antenna is connected to a rectifying circuit which turns the received radiofrequency 
into DC power and an LED is lighten up to prove the setup feasibility. 
 
6.1 Characterization Setup  
Following the antenna fabrication, it is necessary to measure its input 
characteristics, such as the S-parameters. These can be obtained using a VNA to which 
the antennas are generally connected to via a specific connector attached to a coaxial 
cable. Commonly, connectors are centimeter scale structures with millimeter scale 
feeding pins. However, the fabricated antennas have sub-millimeter dimensions and 
their feeding is intended to happen in between their side panels, approximately a 500 
µm gap. Thus, it was necessary to engineer an interface structure to which the micro 
antennas can be connected to. In the following sections we will present and discuss the 
performance of the several strategies utilized to this end. 
As seen on the micro antenna project chapter, the U-shaped antenna was 
simulated when embedded in human muscle tissue. Since muscle is a high water 
content medium, in the current chapter we will use fresh water in our experiments, as a 
first approximation phantom, to mimic a high permittivity medium such as muscle 
tissue. The U-shaped antenna was simulated when embedded in fresh water (εr = 81 
and σ = 0.01), also high permittivity medium, capable of inducing dielectric loading and 
decreasing the antenna operating frequency to the low gigahertz range. Simulated 
S-parameters show that when the U-shaped antenna is immersed in fresh water, it 
operates at 2 GHz (Figure 6.1). For comparison purposes, the U-shaped antenna was 
also simulated when immersed in muscle tissue, but at the same frequency of the water 
embedded antenna. Therefore, the muscle dielectric properties at 2 GHz (εr =  53 and 
σ = 1.453) were extracted from [139]. In these conditions, the S-parameters indicate 
that the antenna operates at 2.7 GHz (Figure 6.1). The simulated gains for the water 
and muscle embedded antennas are similar, -35.4 dB and -35.8 dB respectively, and 
both radiation patterns have donut shaped around the X-axis (Figure 6.2). The radiation 
pattern of the U-shaped antenna embedded fresh water is shown in Figure 6.3. Since 
the simulated operating frequencies and gains are not drastically different between the 
two tested media, fresh water was considered as an acceptable characterization 
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medium and, therefore, it will be use as a first approach phantom, emulating human 
muscle tissue throughout this experiment.  
 
Figure 6.1 Simulated S11 of the U-shaped micro antenna embedded in dispersive medium (fresh water and muscle 
tissue). The inset figure shows a representation of the micro antenna embedded in a 5 x 5 x 5 mm3 box. 
 
 
Figure 6.2 Simulated gain of the micro antenna embedded in A) Fresh water. B) Muscle tissue. 
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Figure 6.3 Simulated 3D radiation pattern of the U-shaped antenna embedded in water. 
 
6.1.1 SMA Connector 
The first attempt to measure the antenna’s S-Parameters was accomplished by 
utilizing an SMA connector to which the micro antenna is soldered to. A regular SMA 
connector has four ground pins that distance several millimeters from the central 
feeding one. Thus, in order to solder the micro antenna to it, the SMA connector had to 
be modified. Three of the four connector’s ground pins were removed, while the 
remaining one was carefully bent towards the central pin, leaving a distance of almost 
500 µm between them, and the antenna soldered as shown in Figure 6.5. 
Since the micro antenna is intended to operate inside the human body (where 
tissues are mostly constituted of water), a water droplet was used as a first approach to 
a muscle tissue phantom, serving a double purpose: the model validation and the study 
of the ability of the water droplet to terminate the SMA connector by itself, hence 
allowing the structure to radiate without the presence of the antenna. If the second is 
verified, it would mean that the structure is not suitable for antenna characterization, as 
it would be impossible to determine what part of the radiation was due to the antenna, 
and what part came from the water phantom that surrounds it. In Figure 6.5 the model 
built for the simulation is presented. 
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Figure 6.4 Micro antenna soldered to a modified SMA connector.  
 
 
Figure 6.5 A) HFSS model composed of the SMA connector, the micro antenna and a water phantom. B) Close-up 
view of the SMA connector and micro antenna model. 
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6.1.1.1 S-Parameters 
The S-parameters were initially simulated with HFSS and then experimentally 
measured. First, control experiments were performed, which consisted of measuring 
the S11 of the SMA connector without the micro antenna, and then with the water 
phantom placed in between the feeding and ground pins (Figure 6.6). Following the 
control experiments, the antenna was placed on the SMA connector and the 
measurements were performed with the antenna surrounded by air and water 
(Figure 6.7).  
 
Figure 6.6 Simulated and measured S11 of the SMA connector (control experiments). 
 
 
Figure 6.7 Simulated and measured S11 of the SMA connector and antenna system, with and without the water 
phantom. 
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The simulated and experimental results demonstrate good agreement. As the 
control experiments reveal, when there is no water phantom on the connector all of the 
injected power is reflected back, as the S11 value remains flat at 0 dB over the analyzed 
frequency band. Nonetheless, by adding the antenna to the system, it is noticed that 
some of the injected power is accepted and less power is reflected back. In air, there’s 
no longer a flat S11 line around 0 dB, meaning that the system could be accepting power 
at higher frequencies. When the water phantom is added, the antenna is then able to 
accept he injected power as seen in the simulated (2.0 GHz, -16.8 dB) and measured 
(2.4 GHz, -14.7 dB) S11 curves. The 400 MHz and a 2.1 dB difference between simulated 
and measured results is considered acceptable.  
 
6.1.1.2 Antenna Radiation Pattern 
In this section we present the simulated antenna 3D radiation patterns and 
gains. Since simulations suggest that the system composed of the micro antenna on the 
SMA connector accepts most of the injected power at around 2 GHz, then the results 
shown in Figure 6.8 and in Table 6.1 were computed for the same frequency.  
 
 
Figure 6.8 Simulated 3D radiation pattern of the SMA connector and micro antenna model. (The inset figures have 
the same axis orientation as their respective main figures). 
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Table 6.1 Simulated max. realized gains of the SMA connector and micro antenna system. 
Tested Conditions Max. gain (dB) 
A) Connector (on air) -41.5 
B) Connector (on water) -35 
C) Connector + Antenna (on air) -37.1 
D) Connector + Antenna (on water) -34.4 
 
Analyzing the 3D radiation patterns of Figure 6.8, it can be seen that none of the 
tested conditions have a donut-shaped pattern around the X-axis (Figure 6.2A). The 
standalone SMA connector presents a donut-shaped radiation pattern around the 
Z-axis, while the other iterations (B, C and D) produced 3D patterns that translate the 
combined effect of the SMA connector, water phantom and antenna, and none of is 
similar to the 3D radiation pattern of Figure 6.3. Analyzing the maximum gains 
(Table 6.1), it is noticed that the system composed of the connector, antenna and water 
phantom, has a gain value (-34.4 dB) similar to the one simulated for the micro antenna 
embedded in water (-35.4 dB). However, the 3D radiation pattern does not have a 
donut shape nor does it circle around the X-axis (Figure 6.9), demonstrating that the 
SMA connector interface might not the most appropriate structure for the radiation 
pattern measurement.  
 
Figure 6.9 Simulated 3D radiation patterns. A) SMA connector, micro antenna and water phantom system. 
B) Standalone micro antenna embedded in muscle tissue.  
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It is also worth mentioning that the proposed setup was difficult to use as it was rather 
difficult to solder the antenna and to control the water volume around it. Therefore a 
different interface structure is required in order to overcome these difficulties.  
 
6.1.2 Coplanar Waveguide 
In order to ease the antenna mounting and to gain some control over the water 
volume surrounding the antenna, a coplanar waveguide (CPW) interface was used since 
its flat shape eases the antenna soldering and helps the control over the water droplet 
phantom. A CPW is a type of electrical transmission line (which can be fabricated using 
printed circuit board technology) consisting of a thin metallic film strip on the surface of 
a dielectric substrate and two ground electrodes running parallel to the strip. Unlike 
other types of electrical transmission lines such as the microstrip line, which has a 
ground plane located on the opposite side of the dielectric substrate and thus not easily 
accessible, the CPW has the ground plane right next to the central feeding strip which is 
very convenient in this case [171]. CPWs can have different types of discontinuities such 
as open-end, short-end, gap, and step among others as seen in Figure 6.10 [172]. 
 
Figure 6.10 Examples of different types of CPW discontinuities [172]. A) Open-end. B) Short-end. C) Gap. D) Step.  
 
The open-end geometry demonstrated to be appropriate for this project since it 
allows the antenna to be conveniently placed between the CPW’s central strip and the 
ground plane. Moreover, this configuration allows an SMA connector to be easily 
soldered to the CPW structure (cf. Figure 6.13A). When used for antenna 
communication, the CPW requires proper dielectric material selection and adequate 
line dimensions. Also, possible energy losses must be calculated. Radiation losses imply 
that part of the signal injected in the waveguide is further radiated into space by the 
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CPW itself and, consequently, not delivered to the load, i.e., antenna in this case. These 
losses are heavily dependent on the waveguide geometry and usually occur in 
transmission lines with finite resistivity dielectrics. Since all power is intended to be 
delivered to the antenna, dielectric and radiation losses in the CPW should be 
minimized. Therefore, the dielectric material must have high permittivity and small 
dielectric loss tangent [173]. The selected dielectric material was Rogers R03010, which 
has a 10.2 dielectric constant and a 0.0023 loss tangent. The CPW parameters 
(Figure 6.11) were calculated  in order to achieve a 50 Ω impedance, accordingly to 
[174].  
 
 
Figure 6.11 Open-end coplanar waveguide schematics and parameters: trace length L, metal width W, metal 
spacing S, substrate thickness h, gap g, metal thickness Tmet, substrate dielectric constant 𝜀𝑟, substrate loss tangent 
tan𝛿. 
 
The final dimensions were trimmed by simulation and are presented below. The 
CPW was composed of a 20 × 20 × 1.27 mm3 dielectric layer of the RO3010 laminate 
with a 17 µm thick copper clad on top. The CPW h, w and s parameters were 1.27 mm, 
1.25 mm and 0.45 mm respectively. Having the CPW properly dimensioned, simulations 
were performed with HFSS in order to access its performance. 
The antenna was placed between the central strip and the ground plane 
(Figure 6.12). To model interface completely, the system excitation was provided via an 
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SMA connector model with circular lumped port and a radiation boundary was applied 
to an air box surrounding all the structures. 
 Erro! A origem da referência não foi encontrada.The CPW was fabricated using a p
hotomask to pattern the metallic profile onto a 17 µm copper clad laminate RO3010 
substrate. The exposed copper was etched using ferric chloride to create the feed line 
and ground plane. The micro antenna was soldered to the CPW using solder paste and 
an SMA connector was soldered to it (Figure 6.13). 
 
Figure 6.12 A) HFSS model of an open-end coplanar waveguide with an antenna. B) Close up view of the antenna 
connecting the central strip and the ground plane. 
 
 
Figure 6.13 Fabricated coplanar waveguide. A) Antenna soldered to the CPW and embedded in droplet of water 
which is maintained steady within a hydrophobic nail polish barrier. B) SMA connector soldered to the CPW. C) SMA 
connector used to connect the CPW to the coaxial cable. 
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6.1.2.1 S-Parameters 
After the CPW design and fabrication, simulations and experimental 
measurements for the standalone CPW in air, and then with a water droplet on the 
open-end CPW discontinuity. Next, the antenna was added to the system, and 
measurements were repeated accordingly. Figure 6.14 and Figure 6.15 display the 
control simulated and measured S11 parameters.  
 
 
Figure 6.14 Control simulated and measured S11 of the fabricated CPW in air. 
 
 
Figure 6.15 Control simulated and measured S11 of a CPW with a water droplet on its termination. 
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The standalone CPW analysis (Figure 6.14) shows a fair correspondence 
between simulated and measured results, specifically between the S11 maximum and 
minimum values, where the 0.5 dB difference between them, shows that both models 
were correctly implemented, accurately reproducing the measured results. The S11 
values indicate that the waveguide is not capable of efficiently delivering energy as is, 
due to its inexistent line termination, as S11 values are close to 0 dB, meaning that most 
of the injected power is reflected to the source.  
It is worth mentioning that some measured S11 values are above 0 dB. This is 
usually seen as impossible in a passive device, since the reflected signal could never be 
larger than the injected one. However, it has been shown that it may occur for certain 
load terminations. It has been demonstrated [175] that even though the reflection 
coefficient may be bigger than 0 dB, the power conservation law is always respected, 
i.e., the reflected power is never bigger than the injected power.  
Then, a water droplet was added onto the termination between signal line and 
ground plane (Figure 6.15), and again a good agreement between simulated and 
experimental results was verified, thus confirming the models’ validity for the 
S-parameters. When comparing the results of Figure 6.14 and Figure 6.15, it can be 
seen that the water phantom induced a slight displacement of the S11 peaks. This was 
expected since a new dielectric material (other than air) was on the CPW termination, 
thus affecting its operation. Finally, it is verified that the S11 parameter never comes 
close to -10 dB, therefore letting us conclude that a waveguide terminated with a water 
droplet can’t properly guide energy, as most of it is reflected back to the source. 
However, by adding the micro antenna to the system, and thus connecting the 
strip line to the ground plane, the system’s response is expected to change. The 
simulated and measured results are shown in Figure 6.16. Again, the HFSS model seems 
adequate since there is a good agreement between the simulated and measured 
results.  
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Figure 6.16 Simulated and measured S11 of the CPW and antenna system, with and without the water phantom. 
 
For the CPW and antenna system in air, at no point the S11 values go below -
10 dB, meaning that the antenna does not accept injected signals efficiently. However, 
that is not the case when water is added to the system as shown by the simulated 
(3.4 GHz, -34 dB) and measured (3.6 GHz, -31.2 dB) S11 values (Figure 6.16). Again, when 
the line is terminated by the micro antenna and a water droplet, the system is capable 
of accepting most of the injected power. These results were expected since the antenna 
was designed to operate in the low gigahertz range (1-10 GHz) when surrounded by 
dispersive media such as muscle tissue or water, opposite to the range of 50-70 GHz 
when surrounded by air. 
  
6.1.2.2 Antenna Radiation Pattern 
In this section we present and discuss the simulated antenna gain and 3D 
radiation pattern of the previously tested conditions. As seen previously, simulations 
suggest the CPW and antenna system accepts most of the injected power at around 
3.6 GHz. Therefore, the results shown in Figure 6.17 and in Table 2 were extracted for 
the same frequency.  
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Figure 6.17 Simulated 3D radiation patterns of the CPW and micro antenna models. 
 
Table 6.2 Simulated max. realized gains of the CPW and micro antenna system. 
Tested Condition Max. gain (dB) 
A) CPW ( on air) -18.4 
B) CPW (on water) -21.2 
C) CPW + Antenna (on air) -22.4 
D) CPW + Antenna (on water) -23.8 
 
Among the tested conditions, the standalone CPW (condition A) has the highest 
gain. Due to this, the CPW must be discarded as a viable antenna interfacing structure 
for the radiation pattern measurement since its higher gain masks the gain of all the 
other conditions. Simulations show that adding a water droplet to the system does not 
improve the maximum achievable gain. Instead, when water is added to the standalone 
CPW or to the CPW with an antenna, the gain decreases. Adding the antenna to the 
system also decreases the gain. However, all radiation patterns are very similar among 
each other with a donut-shape radiation pattern. 
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6.1.3 Modified CPW 
The gain analysis showed that a standalone CPW itself has a better gain than the 
CPW and micro antenna system. In an attempt to solve this problem, a modified CPW 
(finite ground CPW) was designed with widths comparable to those of the micro 
antenna to avoid the masking effect seen in the previous CPW design. Hence, they were 
projected and modeled with HFSS to have an impedance of approximately 50 Ω. In 
order to do so, a CPW with 50 μm wide lines separated by 30 μm distance, were 
designed on a 100 µm thick Rogers RO3850HT substrate (εr = 3.14). The antenna was 
placed in between them (Figure 6.18B), and the lines were in turn connected to a three 
point (signal-ground-signal) 40A-GSG-100-DP CPW probe (Figure 6.18C).   
 
Figure 6.18 A) Modified CPW on a RO3850HT substrate. B) Micro antenna mounted on the termination of the 
designed 50 Ω modified CPW. C) Modified CPW connected to a probe. 
 
The new CPW was fabricated in the same manner as the previous one, resorting 
to mask design, photolithography and etching techniques (Figure 6.19). The simulations 
and measurements were carried in the same way as in the previous steps. These lines 
can also be used with the fabrication and “on-wafer” antenna self-folding technique 
proposed in [176], establish a link between the antennas and any circuitry in an 
implantable wireless microdevice. 
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Figure 6.19 Fabricated CPW with 50 µm wide lines.  
 
 
 
Figure 6.20 Three point probe connected to the VNA, touching the modified CPW. 
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6.1.3.1 S-Parameters 
Figure 6.21 shows the simulated and measured S11 of the modified CPW, with 
and without the water phantom. Ideally, without the antenna, the S11 should be close to 
zero since the injected power should have no way to be radiated. This would mean that 
most of the injected power was being reflected back. However, since the S11 values are 
not zero, it means that some of the injected power may be radiated by the CPW itself or 
lost in the substrate.  When the water droplet is added to the system, it acts as a 
terminating load, as shown by the S11 e.g. -19 db at 7 GHz. The simulated and measured 
results do not really agree on this point. Looking at the simulation results, it is possible 
to identify a small dip around 6.5 - 7 GHz but clearly not as intense as displayed in the 
measurements.  
 
 
Figure 6.21 Simulated and measured S11 of the modified CPW with and without the water phantom. 
 
The results of the modified CPW and micro antenna system are presented in 
Figure 6.22. In air, the system performs in the same way as for the SMA connector and 
previous CPW examples, with the high S11 values indicating that most of the injected 
power is being reflected back to the source. On the other hand, when the water is 
added to the system, the micro antenna accepts most of the power and radiates at 
1.7 GHz with S11 of -14 dB (Figure 6.22). However, the S11 measurements show that the 
modified CPW geometry does have some relevant influence over the system’s 
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operating frequency, decreasing it even further, beyond 2 GHz in this case as we can 
see in Figure 6.22.  
 
Figure 6.22 Simulated and measured S11 of the modified CPW and the antenna system, with and without the water 
phantom. 
 
6.1.3.2 Antenna Radiation Pattern 
 
As the simulations suggest the modified CPW and antenna system accepts most 
of the injected power at around 1.7 GHz, therefore the simulated radiation patterns 
(Figure 6.23) and maximum gains (Table 6.3) were extracted for the same frequency. 
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Figure 6.23 Simulated 3D radiation patterns of the modified CPW and micro antenna system. 
 
Table 6.3 Simulated max. realized gains of the modified CPW and micro antenna system. 
Tested Condition Max. Gain (dB) 
A) Mod. CPW (on air) -68.7 
B) Mod. CPW (on water) -63.8 
C Mod. CPW + Antenna (on air) -62.7 
D) Mod. CPW + Antenna (on water) -55.3 
  
As presented in Table 6.3 the highest gain was verified for the modified CPW and 
micro antenna embedded in water system, while the lowest gain for the standalone 
modified CPW case. This case, and in opposition to the first CPW design, the gains are 
very low and the 3D radiation patterns significantly differ from the one of Figure 6.3. 
Therefore, these structures were also dismissed as an alternative for the radiation 
pattern measurement.  
Throughout this experiment, the length of CPW lines was questioned. Suspicions 
came from the fact that the S11 did drop below 2 GHz and by the presence of a S11 deep 
at 7 GHz when water terminates the CPW line (Figure 6.21). It was thought that due to 
the length of the CPW lines, they could interfere with the antenna and maybe justify the 
S11 peak at 1.7 GHz. Thus, the CPW line length was shortened, by simply cutting the 
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pre-existing copper lines and bringing the RF probe closer to the structure as seen 
Figure 6.24.  The measurement results are shown in Figure 6.25 
 
 
Figure 6.24 HFSS model of the shortened CPW. 
 
Figure 6.25 Measured and simulated S11 of the shortened CPW. 
 
The measurements of the shortened version of the modified CPW, showed a 
1.3 GHz shift from the previously seen S11 peak at 1.7 GHz, to 3 GHz. This suggests that 
the copper lines were performing radiating structures, thus influencing the S-parameter 
measurements. Also, the S11 peak previously seen at 7 GHz (Figure 6.21), and caused by 
the water droplet on the antenna termination is gone. This resonance phenomenon is 
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caused by the CPW length of 1 cm, and at 7 GHz, λ/4 = 1 cm, thus explaining the S11 
peak.  
Throughout this experience were encountered some challenges that made 
difficult the correct measurement of the S-parameters. Using the RF probe proved to be 
quite challenging, as the probe terminations often touch the water phantom 
surrounding the micro antenna, thus affecting the measurements. Another major and 
constant challenge was to solder the micro antenna to the thin metallic lines, which, 
proved to be an incredibly extenuating task.  
Up until this point, all the tested antenna carrier structures revealed some 
important fragilities.  First, all of them demonstrated to be hard to use, mostly due to 
the micro antenna fixation issues. Secondly, the interfaces interfere with the antenna 
S-parameters, and lastly, none of the gain analysis studies provided confident results in 
order to proceed to the experimental radiation pattern measurement. Yet, and keeping 
in mind the challenges found in all tested interface structures, another attempt was 
made and in the next section we will discuss the use of a different type of connector 
and transmission line. 
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6.1.4 End Launch Connector and Transmission Line 
An end launch connector (from Southwest Microwave, Inc.) can be used with 
single or multi-layer printed circuit boards (Figure 6.26). This type of connector was 
chosen due to its low return loss (S11), low insertion loss (S21), throughout a wide 
frequency range as well as low leakage current. Since it does not allow the direct 
interconnection with the antenna structure, we must use a transmission line where the 
micro antenna is soldered to. Here the transmission line’s central strip joins to the 
connector’s feeding pin and the ground connections are made by direct contact 
between the connector and the transmission line’s top and bottom ground planes. HFSS 
models of the end launch connector and a transmission line were developed 
(Figure 6.27). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.26 Southwest microwave End launch connector. 
 
A new transmission line geometry with an open-end termination, with a 3.9 mm 
long and 125 µm wide central feeding line was developed to fit on the end launch 
connector. At the end of the line, a 600 x 300 µm2 pad was created to facilitate the 
antenna soldering. The distance between the soldering pad and the ground plane ahead 
is of 400 µm so that the antenna can be properly soldered in between.  The ground 
plane has a U-shaped geometry in order to precisely fit the connector. The dielectric 
used was a 100 µm thick 6.7 x 4.9 mm2 Rogers 3850HT, with and 9 µm copper clad, and 
Ɛr = 3.14. 
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Figure 6.27 End launch connector and transmission line system. A) HFSS model of the system composed of the end 
launch connector, the transmission line and micro antenna. B) Close-up view of the HFSS micro antenna model on 
the transmission line. C) Fabricated transmission line. D) Antenna soldered to the transmission line.  
 
6.1.4.1 S-Parameters 
Here, as in the previous iterations, control experiments were done to study the 
new connector and transmission line system. Like in previous cases, the water droplet 
on the CPW (without the antenna) causes an S11 peak at higher frequencies. However, 
non-overlapping measured and simulated S11 deeps are observed. When placed on top 
of the dielectric, the water’s molecular adhesion and cohesion forces seem to weaken, 
most likely due to the substrate’s roughness, and the drop slightly spreads over the 
substrate. This makes difficult to control the volume of the water phantom, and that is 
especially true in the case of the Rogers substrate when copper clad was etched. Such 
may explain the observed 2 GHz difference between the simulation and measurements 
(Figure 6.28).  
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Figure 6.28 Simulated and measured S11 of the connector and transmission line system, with and without water. 
(SW – Southwest end launch connector, TL – Transmission line). 
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Figure 6.29 Simulated and measured S11 of the connector and transmission line system with the micro antenna, 
with and without water. (SW – Southwest end launch connector, TL – Transmission line). 
Adding the micro antenna to the system (Figure 6.29), the results are similar to 
those of the previously analyzed cases. The dielectric loading effect caused by the water 
droplet sets the antenna operating frequency at 2 GHz with an S11 of -25 dB. Again, 
when the water is absent, the antenna is expected to operate in the high gigahertz 
range. The S-parameter measurement results revealed to be very similar to those 
observed in the case of the SMA connector, the CPW and the transmission lines and 
probe system. In the next section, we will study the validity of this setup for the 
radiation pattern measurements.  
 
6.1.4.2 Antenna Radiation Pattern 
First, the gain of the end launch connector was determined as a control 
measure. From Figure 6.30 it can be seen a donut shape radiation pattern, caused by 
the relatively long monopole-like feeding line structure, starting at the very beginning of 
the connector and ending at the feeding pin. Simulation results show a very low gain 
of -71 dB. Compared to the previously used mounting structures, the end launch 
connector has a much lower gain, which is extremelly important to determine the 
antenna gain without any masking effects. 
 
 
Figure 6.30 A) End launch connector radiation pattern. B) Connector’s side view (XZ plane) showing the feeding pin. 
 
Since the system accepts most of the injected power at 2 GHz, the simulated 
gains were extracted at that frequency. The 3D radiation patterns are shown in 
Figure 6.31 and the maximum gains in Table 6.4. 
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Figure 6.31 Simulated 3D radiation patterns of the end launch connector, transmission line and micro antenna 
system. 
 
Table 6.4 Simulated max. realized gains of the end launch connector, transmission line and micro antenna system. 
(SW – Southwest end launch connector, TL – Transmission line) 
 
Tested Condition Max. Gain (dB) 
A) SW Standalone -71 
B) SW + TL (on air) -75.7 
C) SW + TL (on water) -56.3 
D) SW + TL + Antenna (on air) -51.8 
E) SW + TL + Antenna (on water) -53.4 
 
 
The results given by the simulated radiation patterns and gain analysis indicate that 
the proposed setup is not suitable for the antenna radiation pattern measurement. A 
viable solution must guarantee that the connector and transmission line system 
(without antenna nor water phantom) does not have a higher gain than the system 
composed of the connector, transmission line, antenna, and water phantom, and that 
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does not happen in this case. As seen in Table 6.4, the minimum gain of -75.7 dB is 
observed for the end launch connector and transmission line system (condition B). This 
means the gain is further decreased when the transmission line is attached to the 
connector. Also, the gain of condition E is lower than condition D, when the opposite 
was expected. Moreover, as elements are added, the shape of the simulated radiation 
patterns vary significantly for each iteration, with none of them providing the expected 
donut shape pattern. The 3D radiation patterns of Figure 6.31 also suggest that the 
transmission line length might not be adequate.  As the micro antenna stands on, and is 
surrounded by the connector structure, a “boxing effect” may be disturbing the 
expected donut-shaped radiation pattern.  
Hence a new transmission line configuration much be found, one assuring that 
condition E of Table 6.4 has the highest gain. Also, a new design must avoid the boxing 
effect cause by proximity between the antenna and the connector, and that can be 
easily achieved by increasing the transmission line’s length.    
 
6.1.5 End Launch Connector and Buried Transmission Line 
After many iterations, a new transmission line configuration was achieved. The 
main aspects of this optimization were the optimization of the line’s length, the s and w 
parameters, and the use of an extra dielectric layer on top of the existing one.  The line 
length was increased to 40 mm, keeping the antenna structure away from the 
connector, avoiding the boxing effect. The s and w parameters were recalculated 
accordingly to the line’s length, and were both set to 100 µm. To solve this issue, 
several designs were tested and it was concluded that an extra dielectric layer had to be 
added on top of the existing substrate to prevent the line from radiating. The new 
transmission line scheme, with the metallization layer embedded between two 
dielectric layers with a top and bottom ground, is shown in Figure 6.32 and Figure 6.33. 
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Figure 6.32 Buried transmission line geometry on the end launch connector. A) HFSS model of the end launch 
connector and the buried transmission line. B) Close-up view of the transmission line. C) Fabricated transmission 
line attached to the end launch connector. D) Close-up view of the water droplet on the buried transmission line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.33 Profile view of buried transmission line. 
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To verify the effect of the extra dielectric layer, the gains of two transmission 
lines, one covered (buried) with the top dielectric and one uncovered, were measured. 
The transmission lines were placed directly below a transmitting antenna, and their 
gains were recorded between 0-8 GHz. As it can be seen in Figure 6.34, the covered 
transmission line has a lower gain between 2 - 4 GHz, and between 5 - 6 GHz, when 
compared with the uncovered one. This detail is important as, this way, the covered 
transmission line will have lower gain than then antenna at 2 GHz, and theoretically will 
not interfere with the antenna radiation pattern measurement.  
 
 
Figure 6.34 Measured gain of the uncovered and covered transmission lines. 
 
 
6.1.5.1 S-Parameters 
Control simulations and measurements were performed in order to study the 
connector and transmission line system, with and without the antenna and dispersive 
media. The S-parameters of the system without antenna are presented in Figure 6.35. 
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Figure 6.35  Simulated and measured S11 of buried transmission line without the micro antenna. 
 
The S11 values above -10 dB mean that the line does not accept much of the 
injected power. However, and as seen before, the water phantom does terminate the 
line, contributing to a slightly lower S11 (-8.1 dB at 7.6 GHz). In general, the simulations 
show higher S11 values than the measurements, nonetheless there is an overall good 
agreement between them. Here, the differences between the measurements and 
simulation can be attributed to the noticeable structural differences between the HFSS 
model and the fabricated structures, as seen in Figure 6.32. A more detailed discussion 
regarding this issue will be given at the end of this chapter.  
Figure 6.36 presents the S-parameters of the system composed of the 
transmission line and the micro antenna. In air, the system isn’t able to accept much 
power. Here, the measured S11 is higher than the simulated, which never goes 
below -10 dB. However, when the water phantom is introduced, the systems accepts 
most of power at 2.2 GHz (-36 dB), in similarity to the results given by the simulation 
(2.0 GHz, -39 dB). 
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Figure 6.36 Simulated and measured S11 of the buried transmission line and micro antenna system. 
 
6.1.5.2 Antenna Radiation Pattern 
With the buried transmission line, the simulations provided, for the first time, a set 
of coherent radiation patterns for all tested conditions. The connector and transmission 
line system has the lowest gain, while the antenna and water systems the highest. The 
3D radiation patterns and maximum gain values are presented in Figure 6.36 and Table 
6.5, respectively. As it can be seen, the simulated radiation patterns and gain values are 
very close to those of the water and muscle embedded micro antenna of Figure 6.2 
(-35.4 dB and -35.8 dB, respectively), so we can now proceed to the experimental 
measurement of the antenna radiation pattern.   
 
Table 6.5 Simulated max. realized gains of connector of the system composed of the end launch connector, the 
buried transmission line and micro antenna. (SW – Southwest end launch connector, TL – Transmission line) 
 
Tested Condition Max. Gain (dB) 
A) SW + TL (on air) -48.5 
B) SW + TL (on water) -46.6 
C) SW + TL + Antenna (on air) -39.5 
D) SW + TL + Antenna (on water) -38 
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Figure 6.37 Simulated 3D radiation patterns of the system composed of the southwest end launch connector, the 
buried transmission line and micro antenna. 
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6.2 Antenna Radiation Pattern Measurement 
The energy radiated from an antenna is a three dimensional problem, making what 
we call a radiation pattern. Its shape can be nearly spherical, as in the case of isotropic 
radiators, or extremely directional as in the case of antenna arrays. These are measured 
in special facilities that vary accordingly to the antenna purpose and the pattern it 
generates. Low-gain or electrically small antennas, such as the antenna we present in 
this work, can be measured in a simple rectangular anechoic chamber in the microwave 
frequency range [177]. 
 
6.2.1 Results and Discussion 
The radiation pattern measurements were lineup in the same manner as for the 
S-parameters, i.e., comparing the buried transmission line with and without the micro 
antenna, and water phantom. As seen with HFSS, the radiation patterns usually exhibit a 
donut shape, with expected minimum gain values at 0 and 180 degrees in the azimuth 
plane, and at 90 and 270 degrees in the elevation plane. The maximum gain values were 
expected at 90 and 270 degrees in the azimuth plane, and in the elevation plane at 0 
and 180 degrees. However, the measured radiation patterns showed slightly different 
outcomes when compared to the simulation (Figure 6.38).  
 
 
Figure 6.38 Radiation diagrams of the buried transmission line in air at 2 GHz. 
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Figure 6.38 shows the radiation patterns of the buried transmission line in air 
(without the water phantom), revealing some level of agreement between the 
measured and simulated radiation pasterns, but also some obvious discrepancies, as 
they do have similar shapes but do not share the same minimum gain values at the 
predicted angles. Also, the measured gains are generally higher than the simulated 
ones. In the azimuth plane (XY), the maximum measured gain, at a given direction, is 
of -41 dB while simulation shows a maximum gain of -48.5 dB (a 7.5 dB difference). In 
the elevation plane (XZ) the maximum measured gain at a given direction is of -35 dB 
while the simulation shows a maximum gain of -45 dB (a 10 dB difference).  
 
 
Figure 6.39 Radiation diagrams of the buried transmission line with the water phantom at 2 GHz. 
 
Figure 6.39 illustrates the radiation patterns of the transmission line with the 
water phantom on the line’s termination. In general, the simulated and measured 
radiation patterns shapes and gains show some level of agreement in spite the fact that 
the measurements show higher gains than the simulations. However, the main 
difference between them lies in the fact that, in both azimuth and elevation planes, the 
measured radiation patterns do not display the minimum gain values given by the HFSS. 
As it can be seen in the azimuth plane at 0 degrees, and in the elevation plane at 270 
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degrees, the measured patterns show relatively high gains when low gains were 
expected. As compared to the previous situation (Figure 6.38), the presence of the 
water phantom seems to have slightly reduced the maximum achievable gain, and 
changed the radiation patterns shape in both the azimuth and elevation planes. 
 
 
Figure 6.40 Radiation diagrams of the buried transmission line with the micro antenna in air at 2 GHz. 
 
The radiation patterns of the transmission line and antenna system in air are 
presented in Figure 6.40. Here, the simulated and measured patterns do not agree as 
well as seen previously. The measured gains are generally higher than the simulated 
ones (up to 12.5 dB), with the exception of a few angles where the measured patterns 
have minimum gain values, which are lower than the simulated ones. However, and in 
spite of the noticeable gains differences, it is possible to spot anyway, that the 
measured patterns distribution follows the patterns’ trend shown in the simulation, as it 
can be verified by the horizontally and vertically  pattern distributions of the azimuth 
and elevation planes, respectively. 
 
DEVELOPMENT OF A CHARACTERIZATION SETUP & EXPERIMENTAL RESULTS  CHAPTER 6 
   
133 
 
 
Figure 6.41 Radiation diagrams of the buried transmission line and micro antenna system with a water phantom at 
2 GHz. 
 
Finally, the radiation diagrams of the transmission line and antenna system with 
the water phantom are shown in Figure 6.41. Again, some level of agreement between 
the measured and simulated patterns is registered, regardless of the fact that at some 
angles the measured gains are almost 10 dB higher than the simulated gains. It is 
noteworthy that, as the simulated patterns illustrate, adding the water phantom to the 
system should increase the achievable gain. Yet, such effect is only verified 
experimentally by a slight gain increase (about 2 dB) in the fourth quadrant of both 
azimuth and elevation planes. Hence, the radiation patterns shapes are very similar to 
those of Figure 6.40, following the horizontal and vertical distributions on the azimuth 
and elevation planes respectively. 
 
6.3 Measurements discussion 
The differences between the measured and simulated radiation patterns can be 
rooted in a number of uncertainties and inaccuracies inherent to various aspects such 
as the experimental setup and utilized equipment, the materials and methods, and in 
the very challenging nature of measuring the radiation patterns of an extremely small 
antenna with small efficiency and gain. As mentioned earlier in this chapter, it is hard to 
measure the parameters of an antenna whose dimensions are countless times smaller 
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than the tools and the apparatus utilized for its characterization. These can produce 
significant interferences that mask the antenna radiation pattern and hence further add 
to the long list of uncertainties and inaccuracies that are about to be disclosed.  
 
6.3.1 Setup Influence 
As to the utilized setup, the classic bench test may not be the ideal solution the 
measurement sub-millimeter scale antennas due to the contrasting dimensions of DUT 
and the antenna used for the radiation patter measurement. With our setup, we are 
extremely vulnerable to misalignment issues between the transmitting antenna and the 
DUT, and problems related with the non-symmetry of the control measurements. 
Ideally, the radiation pattern would be characterized resorting to a probe system with 
mechanical harms as shown in [178][179] for greater measurement precision. Also we 
are measuring very small gains (approximately -40 dB, or smaller) and is vulnerable to 
signal reflections generated by cables and support structures as well as the 
asymmetries of the anechoic chamber caused by the necessary instrumentation inside 
the chamber.  
Other major contributors for the observed discrepancies between the 
simulations and measured results are the structural differences between the 3D HFSS 
models and the fabricated structures, namely the transmission lines. HFSS does allow a 
great deal of detail and model complexity, but it isn’t always possible to practically 
replicate the 3D models. It is important to refer that the simulation did not include all 
the necessary connectors and cables used in the practical measurements, it only 
considered the end launch connector, the transmission line, the micro antenna and the 
water phantom. Starting with the end launch connector model, that in spite of 
embodying a fair representation of the real connector, isn’t free of small geometric 
inaccuracies that are very difficult to eliminate. Yet, more important sources of error 
are believed to have been created during the transmission line fabrication and 
assembly, the antenna soldering, and the water phantom positioning.  
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6.3.2 Fabrication 
When compared to the HFSS models, the fabricated transmission lines have 
some structural differences that can affect the shape of the measured radiation 
patterns. While HFSS allows impeccably designed lines with extreme feature precision 
and positioning, the fabricated structures are, on the other hand, subjected to many 
design and implementation imperfections. These are generated during the transmission 
line fabrication, assembly and handling. 
Throughout the fabrication stages, several causes of imprecision can be tracked 
down. First, the photomasks used for the transmission line fabrication were printed on 
translucent sheets, that are not the ideal medium for the patterning of features in the 
order the 100 µm. Secondly, the equipment used for pattern imprinting was not the 
most reliable one, as the vacuum system that holds the photomask unto the substrate 
was often not strong enough to assure the best contact between the two materials. 
Consequently, during exposure, the UV light scatters below the mask, widening 
features, destroying its critical dimension, such as the distance between the central 
feeding strip and the ground plane.  
 
6.3.3 Interface Assembling 
With HFSS, all structures are perfectly designed and positioned. However, such is 
extremely difficult to attain in practice. Significant structural differences between the 
HFSS transmission line model and the fabricated one can be clearly identified, as shown 
in Figure 6.32.  The two RO3850HT substrates that compose the transmission line, were 
hand-assembled, and held together using solder (Figure 6.42), resulting in a structure 
that is fairly different from the one designed with the simulator. Also, assembling the 
lines by hand creates small gaps between the bottom and top substrates, as well as 
some misalignment between the two substrates, further adding to the structural 
differences between the 3D model and the fabricated structures. 
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Figure 6.42 Transmission lines covered (buried) with an extra dielectric layer. A) Fabricated transmission line with 
solder on the edges connecting the top and bottom substrates. B) HFSS model of the buried transmission line. 
 
Other details that might introduce variations in the system may be related to the 
attachment of the transmission line to the southwest connector, as the actual fitting is 
never as tight as in HFSS, and to the fact that, after repetitive use, the lines are not 
perfectly straight anymore as they tend to slightly bend.  
 
6.3.4 Antenna Soldering 
As mentioned previously, soldering the antenna to any structure is an 
extenuating task. Not only is it extremely difficult, but it is also a messy procedure that 
leaves unwanted tiny pieces of solder all over the transmission line (cf. Figure 6.27D), as 
well as bulky solder bumps between the antenna panels and the transmission line. This 
excess solder is not considered in HFSS models, and it may alter the way the antenna 
connects to the transmission line, affecting its input impedance, and therefore its 
performance. Another observed aspect is the warping (and even the destruction) of the 
17 µm copper clad, caused by the soldering iron. The utilized solder paste needs 
temperatures between 300 and 400° Celsius for proper operation. At such 
temperatures, if the soldering iron tip touches the copper clad with enough pressure, it 
will certainly bend, warp and even be destroy the cladding and the dielectric substrate 
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as seen in Figure 6.27D. As many attempts were made to solder the antenna to the 
transmission line, the cladding was consequently fairly damaged.  
Furthermore, another important aspect that may contribute with additional 
inaccuracies is the antenna orientation on the transmission line, as it is not perfectly 
aligned as seen in the HFSS model. Accurate antenna positioning is a very demanding 
task, and this is especially true if precise orientation is wanted. In HFSS models we can 
see the micro antenna orthogonality aligned with the nearby features. However, 
seeking a flawless alignment is an arduous chore, and if repeated many times in the 
pursuit of a perfect alignment, it translates in many soldering and desoldering cycles, 
thus inevitably harming the copper clad. Therefore, a compromise had to be achieved, 
in which an eventual slight antenna rotation was deemed acceptable. A small antenna 
rotation on the XY plane was occasionally noticed, and it was expected for the radiation 
pattern to be itself slightly rotated too, and therefore the expected radiation pattern 
minimum gain would not be perfectly aligned at 0 degrees. The soldering procedure can 
also alter the antenna’s initial U-shape, and tilt it. As often times observed while 
soldering the antenna, the heat transfer across its structure would re-heat the hinges, 
causing either additional antenna folding or under-folding, or both at the same time in 
different hinges. This caused a slight antenna tilting that may also contribute for a slight 
radiation pattern shift.  
 
6.3.5 Water Phantom 
Another extremely important source of imprecision comes from the 
misplacement of the water phantom over the micro antenna. In order to guarantee the 
measurements reproducibility and reliability it is necessary to keep constant both the 
water droplet volume and its positioning. This was a laborious task and quite difficult to 
attain. Since the temperature inside the anechoic chamber if often high, it was noticed 
that water evaporation affects the measurements repeatability. Once evaporated, the 
water droplet had to be replaced, and difficulties to replicate exactly the same 
conditions, such as positioning and volume, were felt. The misalignment of the water 
droplet can be particularly significant. As the micro antenna rotates in the anechoic 
chamber, if the droplet is not perfectly aligned at the center (as seen in HFSS 
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simulations), it means that more water might exist in one side of the antenna than the 
other (Figure 6.43), hence causing asymmetries of the radiation pattern. This is 
particularly true for the measurements performed in the elevation places, as the only 
factors keeping the water stuck to the antenna are molecular adhesion and cohesion 
forces, which have to battle gravity. These forces are able to keep the water droplet on 
and around the antenna, but are not sufficiently strong to avoid the deformation of the 
droplet shape when measurements in the elevation plane are made.  
 
 
Figure 6.43 Water phantom surrounding the micro antenna. A) Perfectly aligned. B) Misaligned. 
 
The combination of all the aforementioned issues regarding the setup, methods, 
equipment and materials must have deeply influenced the radiation pattern 
measurements. However, bearing in mind the antenna’s dimension and its small gain 
we find these measurements to be somewhat satisfactory and worthwhile, thus 
providing relevant insights regarding the micro antenna characteristic as well as a good 
starting point future and more in depth work on radiation pattern measurement.  
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6.4 Wireless Power Transfer 
To demonstrate the feasibility of using micro antennas in a practical application, 
we built a setup where a horn antenna transmitted an RF signal, which was received by 
the U-shaped antenna. The antenna was immersed in water, which is a dispersive media 
similar to that which would be encountered in a practical application of powering a 
biomedical implant within the body. The micro antenna was connected to a rectifying 
circuit, which was used to convert the received RF energy into a DC signal. Finally, at the 
end of the rectifying circuit, an LED was used to verify that enough power was 
successfully transmitted to the U-shaped antenna and converted to a DC signal. The 
wireless power transfer schematic is shown in Figure 6.44. 
 
 
Figure 6.44 Schematic of the wireless power transfer setup. The transmitting side includes a VNA that serves as the 
RF signal source, the RF amplifier and the horn antenna which transmits the generated RF signal. The receiving side 
includes the U-shaped antenna, which acts as the RF signal receiver, a rectifying circuit and an LED. 
 
The wireless power transfer experimental setup is composed of a horn antenna 
as the RF signal transmitter, and the micro antenna as the receiver. On the transmitting 
side, the horn antenna was connected to the VNA port 1 through a signal amplifier, 
(ZVE-3W-83+ Mini Circuits, Brooklyn, NY). The receiver side was composed of the test 
antenna with a rectifying circuit, to convert the received RF energy into a DC signal. The 
rectifying circuit was composed of a 1 µH inductor, a schottky diode (MADS-001317-
1500AG Macom, MA) and a 1.2 pF capacitor. The LED (SML-A12UTT86T Rohm 
Semiconductor, Kyoto, Japan) was placed at the end of the circuit. The micro antenna 
was submerged into a water container approximately 1 cm deep, and the horn antenna 
was placed next to the container, aligning the polarization with the test antenna 
Figure 6.45. 
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Figure 6.45 A) Wireless power transfer setup composed of the VNA, the RF amplifier, the transmitting antenna, the 
U-shaped antenna, a cup with water, and the rectifying circuit with an LED. B) Picture of the rectifying circuit and 
the LED. C) Top view picture of the receiving side. 
 
The power transfer measurements were assessed for different distances 
between the transmitting and receiving antennas, namely 2.5, 5, 7.5, and 10 cm, and 
the received power was illustrated by the LED brightness when power was successfully 
transferred to the antenna. In order to determine the power transfer dependency on 
the angular orientation, the measurements were repeated as the horn antenna was 
kept at different spherical coordinates. Taking advantage of the symmetry, the 
measurements were done only at the 1st and 2nd octants. The wireless power transfer is 
best shown by the brightness of the LED as seen in Figure 6.46. Since the transferred 
power depends on the distance between the transmitter and receiver due to losses, 
both in the air and in the dispersive media, the LED brightness is highest when the horn 
and micro antenna are closest, 2.5 cm apart in this setup, and decreases with increasing 
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distance Figure 6.46A. The results also show that the fabricated U-shaped antenna is 
fairly insensitive to the direction of the incoming signal, which is a big advantage 
compared to other electromagnetic energy harvesting methods such as using inductive 
coupling. The LED in our setup stayed lit while we rotated the horn antenna in the 1st 
and 2nd octant of the micro antenna Figure 6.46B. 
 
 
Figure 6.46 Wireless power transfer to the U-shaped antenna to power an LED. The bright field images show the RF 
to DC conversion circuit with an LED when power is successfully transferred from the transmitting horn antenna to 
the micro antenna (shown in the inset schematics). The transmitting and receiving antennas are kept at A) Different 
distances and B) Different angles. The LED brightness represents the amount of power transmitted from the horn 
antenna to the U-shaped antenna. While the power transfer drops regularly with increasing distance between two 
antennas, it is fairly independent from the angular orientation. The scale bar represents 2 mm.
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7 Conclusions 
7.1 Conclusions 
 
The work accomplished in the framework of this thesis aimed at the 
development of miniaturized antennas for ultra-small implantable medical devices, and 
their application for wireless power transfer purposes. Important notions regarding the 
nature of IMDs, the fundamental limits and the performance of antennas in lossy 
media, and antenna miniaturization techniques were given. However, while it is not an 
original contribution, this analysis does revise some existing and critical knowledge for 
the design of implantable antennas, thus providing a solid base for the developments 
presented further on.  
In this work, 3D micro antennas were fabricated using a methodology that 
combines conventional planar photolithography techniques and self-folding. In this 
approach, planar photolithography permitted the patterning of planar antenna panels 
with reproducible feature precision, and the flexibility to easily and quickly change the 
antenna geometry, which can be important to change the antenna characteristic 
according to the environment it is used in. This combined method offers ease of mass 
production, extreme control of size and shape, material versatility, and the ability to 
integrate electronic modules. 
After fabrication, the antenna characterization was performed by measuring its 
S-Parameters and radiation pattern. Due to the antenna’s reduced size, different 
mounting structures were engineered in order to allow it to be connected to a VNA. The 
development of these structures was a laborious process, involving the use of diverse 
elements such as connectors, CPWs, transmission lines and RF probes. After several 
iterations, it was concluded that a combination of an end launch connector and a 
transmission line system allowed a more accurate measurement of the antenna 
radiation pattern. However, difficulties were felt. As mentioned previously, the main 
problem with the characterization for such small antennas is that the measuring setup 
is itself composed of metallic elements, which are huge when compared with the DUT. 
This way, the measuring setup produces a masking effect which can difficult an accurate 
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measurement of the antenna radiation pattern. Nonetheless, throughout the antenna 
characterization steps, it was verified an acceptable level of agreement between 
measurements and simulations.  
Finally, we have successfully developed a wireless power transfer application, 
where a micro antenna embedded in dispersive media (water) was capable of receiving 
enough energy from an external antenna to power an LED. The fabricated micro 
antenna demonstrated to be fairly insensitive to the angular orientation of the external 
horn antenna transmitting the RF signal. This is important in untethered implantable 
devices where it may not be possible to precisely control the orientation of the implant 
relative to the source.  
Finally, our process’s compatibility with the current photolithographic 
techniques, and the ability to engineer and mass-produce precise ultra-small 3D 
electrically interconnected structures by self-folding suggests that other packaged and 
RF powered devices of relevance to wireless sensor networks, smart dust and 
implantable medical devices could also be formed. 
 
7.2 Future Work & Perspectives 
As mentioned in the last chapter, the main difficulties felt during this work are 
related with the antenna extremely small size, which makes difficult its interconnection 
to other structures for measurement purposes. While the manual handling of a 
fabricated antenna was doable, its interconnection to other structures by soldering was 
a very tiring task, and an important source of inconsistencies between simulated and 
measured results. To avoid these issues, it would be extremely advantageous if, in 
future work, the antennas were to be fabricated and assembled on-chip, allowing direct 
interconnection to 50 Ω transmission lines as proposed in [176][180] (Figure 7.1). We 
believe that this approach has the potential to eliminate many of the imprecisions 
caused by the antenna’s manual handling and assembly, and hopefully lead to a better 
antenna characterization.  
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Figure 7.1 On chip antenna fabrication and assembly. A) Patterned 50 Ω transmission lines. B) Patterned antenna 
frames and solder hinges. C) On-chip self-folding. D) Antenna structures connected to 50 Ω transmission lines. 
 
Other important issues that must be addressed in future work, is the use of a 
proper tissue mimic phantom, and a method to properly restrain it around the antenna. 
As seen in chapter four, simulations were performed with a micro antenna embedded 
in muscle tissue. However, in chapter six, the measurements were performed with a 
water phantom, for the sake of simplicity. Hence, to reach more realistic results, it is 
important to contemplate a more realistic phantom, and fortunately, the literature 
available is on this subject is dense [181-184].  It would be interesting to use a gel-based 
phantom, in order to avoid fluid evaporation issues thus keeping a steady phantom 
around the antenna. 
As antennas require some kind of insulation in order to be implanted, the use of 
proper insulation is also crucial, and future most consider packaging solutions as these 
insulating/packaging layers can enhance antenna performance and power transmission 
in WPT application [185].   
Another extremely important issue that must be addressed is related with the 
measurement setup, as the radiation pattern would be better characterized resorting to 
a probe system with mechanical harms. Nonetheless the difficulty of characterizing 
micro antennas is stressed throughout [178], where the authors point out that there 
aren’t yet any setups capable of seamlessly measure antennas with such small 
dimensions.
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Appendix 1: Protocol for the Fabrication of Self-Folded Micro 
Antennas 
1. Prepare the masks as explained in 5.2.1. For fabrication of the micro antennas 
with 500 μm panel edge length, draw a panel mask such that the panels are 
spaced apart by 30 μm. Draw a hinge mask where folding hinges have 
dimensions of 400 μm x 100 μm. 
2. Prepare a silicon wafer substrate as explained in 5.2.2. 
3.  Spin coat ~5 μm thick layer of 950 PMMA A11 at 1,000 rpm, on the silicon 
wafers. Wait for 1 min and then bake it at 180 °C for 60 sec. 
4. Using a thermal evaporator, deposit 15 nm chromium (Cr) as an adhesion 
promoter and 100 nm copper (Cu) as the conducting layer. 
5. Spin coat ~10 μm thick SPR220 at 1700 rpm onto the wafers. Wait for 1 min. 
6. Perform a ramp-up softbake by placing the wafer on a hotplate at 60 °C for 30 
sec. Then transfer the wafer onto another hotplate at 115 °C for 90 sec and then 
back to 60 °C for 30 sec. 
7. Cool the wafers at room temperature and wait for a few minutes. 
8. Expose the wafers to the panel mask using ~460 mJ/cm2 of UV light (365 nm) 
and a mercury based mask aligner. 
9. Develop in MF-26A developer for 2 min and change the developer solution and 
develop for another 2 min. 
10. Calculate the total metallic panel area and use it to compute the current 
required to electrodeposit Ni from a commercial nickel sulfamate solution at a 
rate of approximately 1-10 mA/cm2 up to a thickness of 10 μm. When immersed 
in the plating solution the back of the wafer must face the anode. 
11. Dissolve the photoresist with acetone. Rinse the wafer with IPA, and dry with N2 
gas. 
12. Spin coat ~10 μm thick SPR 220 at 1700 rpm onto the wafers. Wait for 3 min. 
13. Perform a ramp-up softbake by placing the wafer on a hotplate at 60 °C for 
30 sec. Then transfer the wafer to another hotplate at 115 °C for 90 sec and 
then back to 60 °C for 30 sec. 
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14. Cool the wafers at room temperature and wait for a few minutes. 
15. Expose the wafers to the hinge mask using ~460 mJ/cm2 of UV light (365 nm) 
and a mercury based mask aligner. Ensure that the registry marks are aligned so 
that the hinges are aligned with the panels.  
16. Develop in MF-26A developer for 2 min and change the developer solution and 
develop for another 2 min. 
17. Using a diamond cutter, cut the wafer into small pieces so they can fit into the 
plating solution recipient. Coat the edges of the pieces with nail polish. 
18. Calculate the total exposed hinge area and use it to compute the current 
required to electrodeposit Pb-Sn solder from a commercial solder plating 
solution at a rate of approximately 20-50 mA/cm2 up to a thickness of 15 μm. 
When immersed in the plating solution the back of the wafer must face the 
anode. 
19. Dissolve the photoresist in acetone. Rinse the wafer pieces with IPA, and dry 
with N2 gas. 
20. Immerse the wafer piece in etchant APS 100 for 25-40 sec to dissolve the 
surrounding Cu layer. Rinse with DI water and dry with N2 gas. 
21. Immerse the wafer piece in etchant CRE-473 for 30-50 sec to dissolve the 
surrounding Cr layer. Rinse with DI water and dry with N2 gas. 
22. Immerse the wafer piece in ~2-3 ml of 1-Methyl-2-Pyrollidinone (NMP) and heat 
at 100 °C until the templates are released from the substrate. 
23. Transfer the templates (20-40) into a small Petri dish and distribute them 
uniformly. 
24. Add ~3-5 ml of NMP and ~5-7 drops of Indalloy 5RMA liquid flux. 
25. Heat at 100 °C for 5 min. In this step, the Indalloy 5RMA liquid flux cleans and 
dissolves any oxide layer formed on the solder and thereby ensures good solder 
reflow on heating above melting point. 
26. Increase the hotplate temperature to 150 °C for 5 min and then slowly increase 
it to 200 °C until folding occurs. When the temperature is increased to 200 °C 
folding starts after 5 min. When the panels start to fold reaching an angle close 
to 90 degrees, remove them from the hot plate. The mixture may turn brownish 
as it starts to burn. 
 APPENDIXES    
   
149 
 
27. When the antennas have folded, allow the dish to cool down. Add acetone to 
the dish, pipette out the liquid, and rinse the antennas in acetone and then 
ethanol. 
28. Store the fabricated structures in ethanol. 
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Appendix 2: 3D vs 2D Antennas 
In this section, we compare 2D and 3D micro antennas suitable to be used on 
miniaturized devices. Here, we intend to demonstrate that with a 3D antenna design, it 
is possible to increase the power transfer efficiency without increasing the occupied 
cross-sectional space on a miniaturized device. This comparison is made between the 
antennas geometries presented in Figure A2.1, both on the surface of a hypothetical 
cubic micro device (500 × 500 × 500 µm3). As it can been seen, and in comparison with 
the 2D geometry,  by adopting a 3D configuration, the cross-section occupied by the 3D 
antenna is kept constant, while its size and the radian sphere filling factor (in which the 
antennas are contained in) are increased. As it can be seen, the 2D antenna is 
composed of only one panel (500 × 500 µm2), while 3D antenna is composed of three 
panels.  
 
 
Figure A2.1 Concept of the 2D and 3D antennas on a micro device. Schematic representations of A) Planar antenna. 
B) 3D antenna on a hypothetical device with the same form factor (500 × 500 × 500 µm3). The lines around the 
device indicate the radian sphere. 
 
We simulated both antennas using air and water as surrounding media. When 
immersed in water, both 3D and 2D antennas operate in the low gigahertz range,  at 
3.7 GHz and 5 GHz, with S11 values of -35 dB and -26.2 dB respectively, thus confirming 
that the bigger antenna, even though it occupies the same radian sphere volume, 
operates at lower frequencies. We also simulated and compared the radiation efficiency 
of each antenna in air and in water (Figure A2.2). The radiation efficiency represents the 
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antenna ability to convert the absorbed signal into radiation and it is calculated by
accrad PP , where Prad and Pacc are the radiated and accepted powers respectively. For 
very small antennas, greater efficiencies are expected when high operating frequencies 
are used [62]. As demonstrated in the simulations, and as expected, the radiation 
efficiency of both 3D and 2D antennas increases with frequency. It can also be seen that 
the 3D antenna radiation efficiency is significantly higher than the planar one 
throughout the analyzed frequency range. This result, which was also verified in 
previous works, can be explained by the 3D nature of the U-shaped antennas which 
exhibit a higher effective volume occupancy within the radian sphere when compared 
to their 2D counterparts [54][60][69].  
Another result that can be gathered from the simulations is that the presence of 
dispersive media, in this case water, enhances the antenna efficiency at lower 
frequencies, which leads to a better wireless link efficiency. Usually, lossy media such as 
water, adds losses to the total propagation loss path. However, the antenna resonant 
frequency also decreases when it is surrounded with high permittivity dispersive media 
like water or human muscle tissue. This feature becomes advantageous when the 
antenna operates in an electrically-small regime, i.e., when the antenna size is much 
smaller than the signal wavelength. This phenomenon is also known as dielectric 
loading and is used for antenna miniaturization and tuning [169][186]. Since these 
antennas were designed to operate in the low GHz range in order to decrease losses 
due to tissue attenuation, the dielectric loading helps increase the overall link efficiency. 
In air, both antennas operate at higher frequencies and consequently show high levels 
of reflected power in the analyzed frequency range.  
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Figure A2.2 Simulations results illustrating the comparison between planar (2D) and U-shaped (3D) antennas that 
can fit on a 500 µm3 device.  HFSS simulations results show: A) The resonance frequency and S11. B) The radiation 
efficiency of each antenna in air and in dispersive media. The inset graph shows the radiation efficiency for 2D and 
3D antennas in water at their resonance frequencies. 
 
For the S-parameter measurements, both antennas were soldered to the CPW. 
Measured results showed that the both antennas have the expected characteristics as 
predicted by the HFSS simulations (Figure A2.3). The measured resonant frequency of 
the 3D antenna with a resonant dip at 3.6 GHz shifted only 0.2 GHz from the simulated 
data, while the measured resonant frequency of the 2D antenna matched the 
simulation result at 4.8 GHz. The measured S11 values of the 3D and 2D antennas, at the 
resonance frequency, were -31.2 dB and -22.8 dB respectively (Figure A2.3).  
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Figure A2.3 Experimentally measured S11 and power transfer characteristics (S21) of the fabricated planar (control 
samples) and U-shaped antennas in dispersive media. The graphs show A) S11. B) S21, the power transfer 
characteristics of planar and U-shaped antennas. The 10.3 dB difference in the S21 data between the 2D and 3D 
antennas at their resonance frequencies shows an approximately 10-fold increase in the power transfer efficiency. 
 
The S21 parameter, which is the scattering parameter representing the power 
transfer efficiency between the two antennas for a given distance was also measured. 
To this purpose, a broadband antenna was used as an RF transmitter, and the signal 
collected by the 3D and 2D antennas (Figure A2.3B). At their resonant frequencies, the 
S21 values of the 3D and 2D antenna are -18.3 dB and -28.6 dB respectively. The 10.3 dB 
difference in S21 values shows that approximately 10 times more power was transmitted 
to the 3D antenna than the 2D antenna. On the S21 graph, the amplitude variations 
represent the antenna’s ability to receive energy as a function of frequency, while the 
smaller modulations represent the reflections created by the coplanar waveguide 
(CPW) interface and the SMA launcher. 
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Appendix 3:  Micro Antenna Radiation Pattern Measurement Setup 
Ideally, antenna measurements should be carried where no electromagnetic wave 
reflections can occur, and such environments can be found in anechoic chambers, 
which allow for all reflected waves from nearby objects to be suppressed. These 
chambers are designed to absorb reflections of either electromagnetic waves or 
sounds, and its insulation helps creating a virtual open space environment, free from 
exterior sources of noise [177]. In this work, the radiation pattern measurements were 
performed in the anechoic chamber shown in Figure A3.1.  
 
 
Figure A3.1 Measuring setup Inside of the anechoic chamber. 
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To measure the micro antenna radiation pattern we utilized a setup composed of 
a transmitting horn antenna, a micro antenna (device under test - DUT), and a VNA. If 
the DUT radiation pattern is to be measured, it is also convenient to use a positioning 
system to rotate it relatively to the transmitting antenna in order to record the gain at 
different angles, therefore generating a gain diagram. As mentioned in chapter six, the 
micro antenna was soldered to the transmission line which is connected the VNA via 
cables. This configuration does limit the radiation pattern measurement to a span of 
270°, as structures such as the connector and cables would block the transmitting and 
receiving antennas’ line of sight. The measurements were performed at 2 GHz, as this is 
the micro antenna operating frequency when the water phantom is used.  
 
Setup Calibration 
The available measurement setup is not an ideal one, and consequently losses are 
introduced in the system by the several transmission cables, free-space propagation 
and the utilized antennas. In order to have more accurate measurements, these losses 
must be accounted for. Using an antenna with known characteristics, namely its gain at 
2 GHz, it is possible to determine the system’s gain. In an ideal system, i.e. FSPL and 
cable loss = 0, and assuming the transmission antenna has 0 dB gain, the measured S21 
in the horn antenna would be its gain at 2 GHz, 5 dB. As the system is not ideal, it won’t 
be 5 dB. For example, if it measures -10 dB, it means that the system FSPL, cables and 
transmission antenna introduces a gain of -15 dB. Knowing this, it is possible to remove 
this effect from the DUT’s measurements simply by adding 15 dB to counteract this 
contribution, as the system is the same in both the calibration and DUT measuring 
stages, thus allowing for a DUT-only S21 measurement. 
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Measurement Protocol 
The following protocol was used to obtain the radiation patterns of fabricated 
transmission lines and micro antenna: 
 
1. With the help of a laser, align the transmitting antenna with a receiving 
horn antenna of known properties for measurement in the azimuth 
plane. Make sure the antennas are at the same height.  
2. At zero degrees (antennas directly pointed at each other), measure the 
S21 parameter of the receiving antenna. 
3. Replace the receiving antenna with a transmission line without a micro 
antenna. 
4. Rotate of the receiving setup from -135° to 135°, with a 5° step and 
record the S21 value for the measurement of the azimuth plane (XY 
plane). 
5. Rotate all components by 90° (transmitting antenna and transmission 
line) in order to measure the radiation pattern in the elevation plane (XZ 
plane) and repeat step 4. 
6. Place of the water phantom on the transmission line termination and 
repeat steps 4 and five.  
 
The same procedure must be used for the measurement of the transmission line 
and antenna system. Figure A3.2 shows a schematic of the setup utilized for the 
radiation pattern measurements, a classic bench test, composed of an anechoic 
chamber housing two carefully aligned antennas, a transmitting one with known 
characteristics and the DUT on top of a rotating platform.  
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Figure A3.2 Representation of the utilized setup for the micro antenna radiation pattern measurements. 
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